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L 1Mrm timei to timo In everr moative seientilc fteld ot endeavor it
is imoitbable 400 make a seardng and citical. re-eunjination ox itsa
foundations, luch a critica~l review cotun serve iritny un1ie3 Purposess
There is litM; doubt that the field of shaped etarge (-An proftt greatly

I froma such a re-exainiticis

We can enumrate ths uastul purpose which a c.LtiLcal review of the
shapid charge :Mold can hope to aevaompliah at this time,

(1) It can extract from the welter 4:r raw o~eri!intal. data the
usliable design bases which arri needed by tbAe deign.-

o24 Ith san ndcaes the asIni rlable desraonign op es are
(2kig;o Ith canndneso thae inla iWichril iesi yases tre

qwist4.on, or marred by inconistencies. By so doing it can atimita
resesroh people to investigate those areas which ar. in need ofvdtl
tioa) effort. The benefit to ths designer in apparent,

(3) ftnv.6 the contributors ane selected widely from among th~ose
active in reseach a&M developmnts It can provide an authoritativ- and
reasonably ootipetoo ptotv.ro ae th. present poition, Oifr P largaiw~n
of the entire fleld4, fer the research worker who lit occupied with Im-ow
general aspect&, and WA~rS It cC1ffOui to keep up with tho entire ryI~
advancing frontioe Who among us can fail t., profi.t AM this respet?

PFwriaps one of the most useful oontribw4onv whichi &n i~cal revi.ew
c -An m 0- in to point out the *facts of life* to those peoplie who hr-r

the impression that most answers to most Quiestions are avallable iso. ,-,hre
and that it's simpl y a matter of Uoting and Indexi ng *yL 'loitioally oawy?.
thinlg that has ever been dome lit -the field. It is perho,, inatruotivo to
podnt out that over the ye-4re, tremandous amounts of money and Pan hours
of effort, have been investaod In 'W.raoleuu carriages" and automotive do@-
Yelomaents and yet today t t dfiult to pose priactical desiga 4j questions %Mhich cannot be ansrod ex'.ept, by carrying out arn adi: -ml

hour ofqd anore The- tneaet in hesetarcih fieLA oelpaatofsitpis

likely that we gre still in the t horselass oaragh stags * It Is there-
far quite vat,aaAea for the designer to expect to find 611 t,%;, rUe
Laid out fm handW)ook form. The fleld in advancing too rapidly aind the

rules of the game. are okianging too quickly. We hope that~ tho criti:!.l
review can at least spell out the rules which apply todayr Lnd wii are
U14wly to c.optirrie in effect, because they are, firair' based. It am2 als*
provide iaropriate warnings in the loe firmly astablid ares, .%nd
provide a preview of things to come.

CONFDENTI&Lj
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E-vM.n with thls .ncdifted objective, it ti4l become apparent that
during -the tima reqiired to prepare thi.3 volume, rapid progess is being
made irt areas already covered in the review aa; we.l an in new a eas of
interest that have opened up since. Among the areas falling int tnes
categories are those of wave shaping, Icthality easurement, inetamin-
tation, metallurgy and the applicationu o..' solid state physicts to the
problems of Jet behavior. It should be apparent that this state of
affairs is unavoidable in a fteld as active as this. The only hope of
!;oopine upo lies in a plani,. ,* short dnd long term coordination program.
Coordination and oa..aP of information such as is provided by, the
ordnance Corps Shaped Oiarps Research and Development Stsering and
Coordinating Cmmittee serves a a quarterly basis for short trm co-
ord±.n tion, In this connection the Shaped Charge Journal sponsored by
the Commit.ae and published on a trial basis by the Ballistic Research
Laboratories will serve to disseminate the new information. For the
long trn kroblem, the bieraial Sy nposia have been found very valuable.
he transactions of the Symposia will always be vwry significant sourneo

of :.nformation, Y% i& appArent, however, that they do not serve the same
Ainations as L Critical Teiew. Current thinking is therefore in terms

cotinuJ.Y4 i ',uaroe of now volumes of the critical review whose
I.A'Oquenoy vOi:W be determined by the rate of propress in various areas.

o", de ,ttl. z- said that ,ie experience whic has been acquired
durlnC Utho jpepari.t-on nf ths frset volie will help ease the turden
of the oraftation of arv later volumes, and will atso help assure a

uch, more womjpt publication of the manuacripts, Many of the areas
whie are treated superficWtally in this volume jun be expected to undergo
oritioel sorutizn in any later issues of the Critical Review.

Ziessiona of appreciation are tiue to all of the contri butors to
th~i f'rst vos'L ,,.' the Critical Review. They are all very busy people
who, with practi,lUy no cajolery took the time ftrom their regular tasks
not n1y to prepare their otn ahters tt also to proof-read and
oriticise all the other ahapters,', d to modigf and romodify their orn
ciapters In accordance with the oritici m of the other cotributors and
outide artL!,)s. Although this proccidure delayed the completlon f '-,he
final draft, of V.. Critical Review, it Is expeot-d that t~ho resultant
improrents will ompenae for the desy.

Among the azr.otes whose oritioimi was fourid to be valuable, we
veald like to men4 n the Naval OrdnoeLoo Laboratory, PicatinAy Arsenal,
anc, .,m Office Chiof o" Ordnance, OQDTA, fr. Mark V. Massey and
Dr. L. -. Littleton of that office, were particularly helpful in sudgest-
ing m vtorial 4o bo added and in providing same of the pertinent infor-
mation.

We are gratnirl to Dr. Sherson M. Pugh of the Carnegie Institute of
Technology, not oly for making itny valuable suggestions and criticisms
but for the introductory chapter and historical survey based on his inti-
mate and personal varticipation in the dovelopment of both the earliest
as well as the very recent theoretical foundattons. These include shaped

iv
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ohi,rge jet peretration theory ax weil as non-steady q.ate co3-apse
theory. The onfizuation of his very early inferenes rpoard.ng jet
break-up characteristics by the flash radiographs taken at MIL and
Kerr oel. potography at CI.T. avo tr,%butes to his keen pr-cept;in.

The oontinuing contributions of the fine group at the Carneg Le
Institute of Technology are evident not only fr m the frequent reerenoces
to their york by other authors, but also fraom the fact tlAt C.I.T. has
provided the authnrs for three of the ten chaptrat

We are indebted also to Professor Oarrett Pirkhoff who was the
first one in this country to work out the clauical hdrodwiaeo
theory of wedg collapse and jet fo.wation, His contriitimm to the
recent prow s* In the shaped charge field w =pvj al7y noticeable
in the area of the theory of the effects of rotation. Professor
Birihof.e continued interest and advice have been invaluable In the
preparation of.this voloe

We would al, l,,Uke to esress our appreciation to Dz, L. H. Thomas
of the Watam Scientilf. Ocauting lAboratories who oollaborated in Ut
preaWration of Chapter l on tho th*7, Omputing mach nes wil
unoubted3v be eauential for effitoency in the calulations required
ter the et,Acma of ohe theory of jet farmation and penetration.
Dre Thaa hasi been instrwmentai In layi1ng outi thi. plan for the "erie
of theoretical o latua s mcoespivel, immeAsing gewaity and
phyvical aopieVlty. These will require the use of coqting machines
and we az, wotunate bo have Dro Thouas's advice and gadanoa,

Although this first olums of the Critioal Review did not readily
provide an O u!rtunity ftc pa a., by British scientists vs haw,
not forgottim that they haw a vary illustrious roster of oontributoro
to the present state of koimedp. W Oeoffrey Taylor anA D. Tuck
Vere of course rspmuble fmr the clasaical hydrodynu widge collapse
theory In Great Dr. taia. They did this indpendeatly vAnd essentially
dsuoltaneously with the work of fildioff in the US, In addit n
Professor Mott and Dto. Evans, kill, Pack sad Ubbalohdo ae among those
who have made substmtial contributions to this fteld. It is tieflni ely
planned to inmviti participation by both British and Canadians In thrh next
volume of the Cr.toal Review.

rin,U., we wo"uld Like to aoWI-;cledge the P.jontributtns. w4ado by
Mrs IMK Aebrman In Ireparing the Index and Appendices on foreip.
and American asnurttion p ormance and deseir datal Mr Hivm n, a the
Ordnance Technical Intelligence Section for supplying large wiunts of
data for Appendioes. Msors. J, M. Regan and J, Snon in the proof
reading of the Iinal tox and the Wapan Systis Laboratory f r the
material on taM armor in Appendix IV.

CONFMDENTIAL
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The cooperation of many other people,, too mrous to nama, in the
praparai on of the material for publication is also g'atek.j y ac-
Xiowledged. In particular# howevr, the wo.rk done in this ocmnection
by Mr. Jolh L. Squier, the associate editor, warrants special attentioi'.
Ms supervision of the frnal manuscript prviaration and proof reading
as wel as his attention to the many details of figure preparation and
pagnation constitute major contributions .tn the vali& of this volume.

Eitar-InChief
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* CUAPTR I

IUhWCTION

Fhterson M. Pugh

Carnegt Institu~te of Teohaoiogy
Pittuburshp Penmaylvania,

Rti explosive chairges with lined cavities poaucuam the propert of
producing deep holes in target ztrialim against which thay are ep2.odede
Ti rwarkable property was ttilized by practically a11 of the belli-rentu in World War II 'in a nimber of different wapns and demolition
devios: rocket grenades, rifle penodes, hand grenades, reco illess
rifle projectiles,, standard antitank guan projeotlles, eaniere do-
*6li1iuz charges, cable avi been cuttinm deviLes, ett. TW uecuritq
reasona this class of hig& exqlosivi chre wa siato 3 *
Charges" %r the British and Amrican rmdServioss, Di spite of the
fat that thizc 1dipAton is misleading It isa still the mot commoaky

* ivied teirm for thes& charges with lined cavitieso inither tow., "UT
ronIN (High Uplooeiv Anti-Tank), ic~h In sqaally aislssdirg alse
Is tqaswV uei to depiftate rcunds that emplay the lind cavit7

* chiarge* NHZAT xvimAll" is milading becausc It suggmu$fu that Us~ jet&
from these charges 4burn their war throuagh the aneo' plate* when in
fact# the. ptooes of penetration doom wot involve waohical reactli
a&d the temperwtures of theme ,lots hase p'aotlcasily no effect upon ULis
process.

While a wide variety of wwhpons and deoollticin devices wre *m-
facbmwad for us. during Wor3A war n, they wvr not as wmse3v uud A
shou2di have been expected from their known potentialities. The re-
sur5 oted uaae of thae. devices was due. partly k* lack of iuiderstanding
of their oapabilUties and partly to the shcrtcomldnp of troA weapons as
afacturede Lack of reliability was uzidoubte'lly aim of the chief
reasons for lheir lao): of popularity'. Their poor perfermaee when they
were used in projectiles shot from rifled gmuv was another reason*

Modemn research a&M development has been pointing lVhe way to the
slimination or reduction of mtan of these r !'-wtoomings and there in
Wn-y reason to believe that muich msove progrems in this direction is

possiible. The prizwiiples involved in +he lined cavity onarp, crtail
offer great potentiailities for the improvrnent of conventional weapons.
If thevan In Kona and Dio-China can be taker. as typical of wbatmaW

4 be expeted In the neyt several years, conventional weapons will be of
very gnoat la~ortance. At the 1953 qjoua on shaped charges t tJw*

~~ Prv 4ft Go i, it -a pited out 'I,- C~ol 173 Cmnpo thatt
men if nuclear weapons are used in an all.-ot isar, conventional weapon

CONMIENTIAL
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11hmId still. play a decisive role, since they may bo used to crow the
enemy until a iae vulnerbleD to attack by nuclear weapons,

This importance of achieving maximum effectlvenew with the shsed
charge devices makes the ccripilation of a cri'.tiaal review of great
$mportance, This Critical Review is designed to provide up-to-date
information concerning what is )movn and what is not known about these
charges. It is also intended to stimulate curiosity and notlvat
research. It is hoped that the references supplied will bo sufficient
o make it ;elatively easy for escarch worker to fid origin.*

papGrs on any part of the subject that interests hike For this purpose
a briof historical review of the development of the tibjeot should bo
valuable.

nlinsd Macon

As early as 1792 it was known that when an oxplosive was placed
Li contact with a target plate and exploded, a deeper hole vmld be
made in the tarpt if the explosive contained a cavity in contact with
the target. This remarkable fact apparently has been forgotten and
9edlseovered sevral tmlna. Although knowledge of the cavity charge
effect is vea old, tha fact that a much Satar effect eold bi pro-
ftwoe byv 4ni~g the eavitr' with a thin iset:L 11am w" not wecopiaed
utl the 19.0 .. a h nTi ow#~ hard to undersand sinc lnre were
usel in the cavities of explosive charges at leait aa earky &a 1910,
VA failura to recogise the irort nce of the lir for uaAinx deep
penetratonl mot have been due to two foet , first the liners = be
wall dc signed and wall fabricated and eaoni, the ;Wpmge ii#h. these

ined oAavties must be detonatAed at ane dietwice (standoff) frau the
target to exhibit their remarkable penetrating powers Thng oh&rps
with lined cavities reqaire staridoffp charpw with unlima' cavities
produce the greatest effect when they are detanatd In direct contact
with the tarpt, A well ma-a liner plaoed in the cavity of the charge
and fired at optima standof oen Increase the depth of ponetration
produoe in a Siven target, lhe , r wery of the effectiveness of the
liner wu p ia:n accidental. After -.s discovery several years elapsed
before a resonabla explanation of the phenomonen was obtained,

Ale 0ea apear t* have reogied the imortanas of the liner
ts early as 4,N4 -. rated In m~y brist history7 ao~a-ziography printed
In the back of .. -I port No. 837, Wav.Us Tiormation
a this is skvteb end was not available until after WarlA War' =.
It apparently had no influence on developments in this country or
Inglmnds Tni ciapter :U based upox4 riy -*,;ent sudios -rO-ev&1,uatLng
dmlopmnts in the U.3,A.

CONF WINE'TLf
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Rema:kaoly well desigwd weaporu. on4 deolitimn devica iere in
"nert! use for smatiime before an xplanation of the effectiveness
of the liner was airAd. Tho early attempts to explain the action
of the liner ai.cd beemAse they were attempts to show how a quali-
tative theory that had been devised for the unlined cavity could be
modified to accaunt for U effect produced by Atroducing a Liner.
Succee came only when it wac recognized that the proceeg of pone-
tratis by the lined cavity charge is nt.re3, different frem that
of the unlined charge. Since the two processee ar so different no
further u ention will be made of the unlined cavity charpe except to
show how they did lowd to the accidental discover7 oi tui ofteat of
the lining. The earliest liners were introduced only to suppowt or
to pMteet the ehArgs cr to help form the cavity in the charge,
Recognition of the effectivenese of these liners in producng pens-
tratione%.mee much later.

Chrles . Munroe in 1888 stacked dynmite sticks aroun an
empty tin can and blew a hole in a safe door. According to Wnwoe
the tin can saeed only to hold the dynamits in place. Oeman and
United Kfdtni -atents wer isued to the Weeto lsh-Anhltische
*p en~tof$-A~tion-Oeeel8sC N'%AUG) m; flrln fer 1ollow charge
to be used for blasting operatioa in mines for torpedoes and ax-
plosive 0411s. he 0eran patent application wa dated 14 Dec. 1910.
'Tbe United Kingi1a patent , accepted in 192, shove a projectile loaded
with high wapluive having a conical cavity lined with thin steel,
brase, or mine. It in. clear3,y stated, haever that th sole p orpo
of the linemr is to protect eand mpota the explosive %Wl3e It in being
sh*% cu. of a gun with hi& velocity. trafinid paper limer an
saggested to protect the explosiv from noistur when it Is to be used
for Mts blasting.

Ea3v manufaetuers of detonators had found that tie effect of
detonating caps is ghshett if "the explosive is compressed only softly
in its pa:tt @Ioeo to the point d ipltiat and cmpreaee4 strongly in
its part located at the bottom d the cap.* In 1921 M. Amdrea Schulze
took ot French patent No, 5p 7Z to accoplich this result cleaply by
forcing a conically shaped tool V into the batttm, nu the detcriator cape
The tool permanently deformed the ligut metal citing# which srurma4ed
the eamploeive, leaving a conical cavity lined with the tiin metal of the
casing. According to Schu3ae, howiver, the sole purpose of the process
~ to produce a highly coMreeod exp lsive right at the bottom of the
cap which he clamd wou make it a much more efficient detonator.

*The approximations reqtired to obtain the thaury for lined c.harges are
valid tor a fair4y wide range of .1.ner thicknesses around the optlwa
thicokness. When liners zre made thinner and thinner, the process changes
rapidly- but smoothly to that of the unlined cavity.

3
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Thus Schulze inadverten:ty produced an explosiw charge with a mtal-
lined conical cavity. Since the efficiency of detanaLors was being
determined at this time by the depth of the hole they could produco in
a lead plate, it is not surprising that these detonators pertormeA.1 waU.
in tactc. At almost the same time, WJlhelm Eschbach obtained German
patent No. 172,9U, (Dec. 121) for making detonators by a teohnique that
was eivout identlepl, with that of Sohul3e. achbach's primary purpose
was, Uike that of 39hulae, to cmpress the axplosive in the bottom of
the cap. oiwever, Lh.Pafth1,h did reiao e that the cavity might pr vi&
added effectiveness He said nol*hing about the fact that his cavities
wero lined with thin metal.

The first to reconiae the Impartanve of liner in +he cavi+ Los of
these charges see io haw- been R. W. Wood (2). A youn g woman hnd onenkl
the door of tho coal ,urnace in hor hmie and had been k.L]3ed by a saUrtl
coper pellet that severed an artery. As technical expert in the on.
9ulng law case Wood demonstrated tat identical copper pellets were
formed and projected at ehih velocity by detonators having cavities
lined with thin sheet copper. The cavities in the detonators used by
Wood wev po qhallw that the liner "'mained intaucti that is, there vaR
no separation into jot anr ,lug m is aboarvvd iith smallar angle cns.
Thus Wood perfomed tbe first eMerimentm on the effect that was latew
called the Missnay'4eardin effect.

During the period ltsO-hP, a maber of patents -wre applied for on
projectiles which used livad-cavity charges. The claine in these patent#
all show that the inventors erroneous4 expected the liner to form a
sinjle higii-pWe projeotile, like tiat studied by Wood. The first of
thee appears to be French patent No. 313s685 (applied for on 27 Nav. 19409
issued to _ertJold Mriaupt., Henry Mahaupt and L-ich Kaudero, which was

-.... b..,-y thir t whi Gu b Society of fiwtserland. Theo flrst American
patont which wan imaed to .T& C Oray W. W . budeau, J. H. Charch and
0. J. fessenrichs was applied to on 10 Mar ch 194l. Henry Mohaupt cam
to America and was respon.iblo for arousing the irterest of the U. So
Arrq Ordnance Departmnt in the principle, He applied for hias U. . patent
No. 2, AU on 3 Oot. 1941, and sold it to the U.S. A.

Once recopized, the !rinciple was incorporated with amazing rapidity
into ra' - practical devicea Most of this dmeelormnt work in the United
States was done by Army ongincors in cooperation with engineers and
aoientiste from private c*-p.rn v. Patents No. 2,.27,989 (for the M9 rifle
exenade a ndO machina g~un gn.:,ade) and No. 2;'a.34; "for the M66 and
M67 howitaer projectiles) were issued to Q. W. Blavckington and J. Js atlhoutn,
Budd Company engineers. Dates of application were .9 Aug. 1942 and 21
Nov. 1942 respectively. Patent No. 2,466,-'52 (for the N6 Bazooka*) was
issued to Lieut,# e. G, Uhl mnd P . Col. Leslie A. Skinner, of the U. S.
Army Ordnance Department. The "' " . his application was 22 Sept. 1943.

*The 1I0 shaped charge head was usd in the Bazooka.
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Thes~i patens were each aasigrid to t~be U~nited States government without
cost. Each of the weapons waa in~ production bef ore or ziortly a~fter the
date of the corresponding patent application. According to Col. C,
H. M. Robortb, thP MS'A1 rifle grenade van deveic~ped before and the KI6
1Rasooka use deoloped just~ 4ter he joined the Office of the Chief of
04W'rnoe in Vlv 19h.2. Me~ 4r- -ndb and howitzer projectiles were in

quitity production by thi- datoo

The demolition charjesp including the M43 with a 9.5 in. d-.&,i. steel
ourn and th* )2A3 t.-It a 6.5 Li. Udiii. glase ocia warfo davvl, pad batwoon
1942 and 194~3- Dr. C. 0. Davis, workitng for DuPont on an Ordnance coni-
tract, providel much of the desin Intormation needed for thee dcrre Lop-
mnta. He and Mes assistants, sturting work in Sept. 19b0, provided
rules for otimam liner angles, liner thicknesses and charge diameters@
Th'iy also provided emirical scaling Iwo that Garret Dirkhoff later
showed to be theoretically sound, Corning Olass Cos develqped ihop gluss
ca to take the place of steel ores, since there was then a ouritical
shortage of steel. Work sA"ar to that doz e. atlNPont, was ials beling
dam, by We Me. vNw and A. Re Ubbeihode working for the British Mini"t
of Supply. Thy &mpar to have been the Ma.~t to recognis tfat the
holes were fomd by #am IMd of jet and that 04e aagj which amild be
rooerodp played no pwrt in ths penestrotion, Tley alao dov3lV.d photo-
amic mthods for determining the eharumor of the jet and for deter-

miaing Its vrelocity.

Coo'4L~t1euuw~ nan~o CCo U. a. Research

J, B 0onant of Harvard inspired the ovganization of the Ixplosives
Research Laboratory (DRL) which operated an the grounds of the U, Be
Bureau of Mine at Bruceton under an N.D*RCo. cotruat with the Oarnegis
institute, of Tchnoloa~r with W. M. Jones Aa ui~ervisor,

The shape charge studies at L were starte't In Sept. 194.1 urder
the direct supervislon of D. P. Mac ou 0,l. BO.D Kistiakovukys who was
stationed at Bmaoeton as head of Dive of N.DeR.C., also participated
actively in the work. fthe two visited Evans anW Ubbeihods In 191 iud
brough+t back mazW useful Ideas for reserch.

'HaDougallin exponemnts,, started in 1941l, were beautifuly desigmed
to firA mazW of the answers. By shoioting into steel target plates
through predrilled holes in the first plate he demonstrated that the jet
has a much smaller diaeter than the holej it produces. He collected
steel jets war found they consisted of small stool framento that obviously
hatd not been muelted in the p~ocems. With a rotating drum caioo*a he
demonstrated the excistenoe of gradients of Velocity within the jet.e

The Ballistic Research Laboratorien were busily engaged on high
priority Ordnance probleme.. J. Ce Mlark, who had been doing X-Ray
research at Michigan State ftnd had been cmmrissioned as an ArnV Captain.
vas brut in to devel.op the noew flash radiography of Black arA- Ehrks 3
to Ad the study of these problems.
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Because of ths secrecy rostrictions and the lack of an effective
system of liaison, the various laboratories worked almost independently
until January of 1943- Each laboratory, had its o.wn theory wich seemed
to eaplain its own axperients. To remedy this .aOk of coordiration, a
joint Aro, Navy, N.D.R.C. Conmittee on Shaped Charges was set, up. Te
committee consisted of Col, C. H. M. Roberts, chairman for the Arm;
Lieut. Commander S. H. Oka (later replaced by Commander t~ep~t: frunauer)
for the Navy; Ad Dr. 0. B. Kistiakewsky (later replaced by Dr. ".7'.
K-'%DougLI) for the N.D.R.C. This committee performed Vux¢; ,
£mwothnt iS=Vttio=l

1. They organised a ystem for distributing reports within
the security regulationse. This ay3tem included eroAngs
of reports with Great Britain.

2. T organized syposla that were attended by representa-
tives from each roup.

3. They persuaded the N.D.R.C. to place new contracts forSresearch in areas that were not being covered adequcitely.

Thn (%If Research Laboratory at Harmarville Pa. was awarded
a contract under Dr. Morris Muskat to develop a "follMo-throub"

The Carnegie Inmtitute of Technology was awarded a contract
to develop methods of defeating shaped charge weapons, Origina ly
the theoretical part of thih defense wnitraot w"s under Drs. Frederick
sits and Otto Stern wht the experimental part was under Dr. Turner L. Saith
and the author. Ohortl4;, however the firet three oed to other project*
leaving the author wad a faw ipaduata etuden"%s to, car on the work.

The nvw system for distributing reports was an enormous improvement,
but even so, the covorage was necessarily spotty and there were long
delays. 7he N.D.R.C, "st up a service library of all classified reports
at Princeton* Zn 1943 this contained mostly British reports but became
more completes especially in kAerican reports, by the end of 1944i.

The proved liaison and dtstribution of reports was certainly
responsible for the rapid development, of the theories in thi ountry
and in ESnilaUd, The fact that the distribution was n 'eesarily slow and
spotty, caused mch of the work to be done indepermtent.y in the two
cuntries and makes it very difficult to plot the logicakl historical

development of the theory. In view of these facts, this history will be
limited pr .ily to the development of the theory in this county, but
v= show how it was influenced by British developments.

Influeore of Fo in Devaloments

Shortly aftor hosti3ities ended In Europe, groups of 6cientints
and engineers frum England and the United States visited laboratories
and factoriel in France and Germany. They brought back reports showing

6
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that active rosearoh on lined cavity charges had been going on in both
countries which arrived at conclusions that were qualite tively very much
24w ou.eo. However, the author has found no evidene that individuefl
or roW8is working in Uicao or any other coattries have ac ieved mathe-
matical formlations of the phenvaona that were early as eatinaactor7
as those achievdl by thw cooperative efforts of the United States and
Oroat Britain. Since secrecy prevented the soientific wrk of countries
other than Gnat Britain rI' influencing our devloquent, heres it
wcuM be meaninaless to attempt to connect their work historaelly with

ap* m-j MCham Dneoisa in 1913

L.i.wi cmplete objsctivit' In relating historical devoloents $e
very diff mot, it sems best to abandan the conventional third-person
a purtine, a more personal aproao. x wi , therefore proceed to
"ketch the develpent of the theory in this countr7 from the point. c
viaw of sn observer end an active partic4lpat In the prooess.

Mw The wm freely discussed their work with the gpmeup at the
%U Reseawh ratom and with ur a .=0 Vwt Ww. an th
Commo bnstitute of Teebulop caius. gis vav a geat help to both
s*Ap. TM field wa entirely Aw to en of the persomnnel in theme

Ity IMueb 194~3 Iacfoup l (4k) had ob~ad from soneta~ conald'
eratdions the eqwatigu P j.(T - 9) . rPlaing the vlonity of
peetration of the S t U, into A tarpt of density, po to tko deunety,
Py and tU velocitIV of the jot. Yrwo this ka predicted that the
ratio V S/ should increase morotonic&al wih p. His datae taken tro
dx-m cmeira records of jots passing t*rough target platen$ shaised this
behavior.

In inking a principle to Wide M search :'or methods of defense,
I noticed that MacDougall WAd correctly asamed the ass of jet hittinf
the targpt per secod to be prapwtonal, to *Vj U), but in alceula,-
Ing the rate at' mciputum transfer, had mltip .ied Vis by 'i W"tead of

(V- U), Correcting this gave the now wel. known equation j(V- U)2 "

I mltiplAd -he left-hand eile of this equation by the factor
A/A 1 to accoint fc'r the fact that due to the lack of perfect s7tryt
in the c arge a", their livera, an mamfactured, the effectiv* area A
o which the %ct impined mat bo m4ater than the ideal j.t crsan section
A. * i corrected relation then predicted a straight line plot for

f V;F'dfUv E N15 p T.s f Ld in the ML xor

litarim naports CF-9 (May ISP 1943).

7
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Macougla.ls 7J data if plotted against 0i", Tn rep.otting MacDougall 13
points in this maner, I found tiAt they fell on a good straight line.
To make sure that this waEnub just accidental I analyzed all that I
coud find of the relevant ERL data from which V i could be comAAAd.

The resulting averages plotted against rp aeain fell on a good straight
line through the predioted intercept unity. Furthermore, it appeared
that$, if sufficient data were available, the maximau and the minunm
values of V A/U wold each fall on diifervnt nLraight llnau through the
intercept unity. The lines throu&, the maximum values correpondcd to
the charges with poor symmetry and therefore with large values -for
A/A3, while the lianes through the mitimwu and averae alues corres-

ponded to the minimum and average values of A/As respectively. With this

fact settled to mW aatisfaction, I started applying the thecetical pre-
dictions to all of the other data which had up to then appeared so
myterious. T. L. Smith and I had fastened steel target plates to a
baitia pendulum and had observed the total mcientums of jets whose
pentration was also recorded. The fact that there was absolutely no
correlation between the depth of penetration and the total mmeantam of
the jet producing it had been disturbing. Howevero, this new veloity
eqmttion made it poc.i" -? to explain tho approat _ nafiat.
ing f U dt to find the bOtal penetration, I was eased to find that a1
velocities caneled out and left the total penetration dependent only
on Jet and target densities, the ratio of areas A /A ond the et length.
Since doptM of penetration did not depend on velocities they should not
oorrelte with jet momentums.e Ths pieces to a big jigraeiw puzsle aeemed
to be fitting together. The fact that pezutration dopeWod on jet
length, and In fact was proportional to it, now provided a ready, explana-
tics for the mysterious fact that penetratiot, increased with standoff,
for MaeDougall had shown that the jets lengthed as they traveled, His
drum camera measurements had shown a gradient in velocity within the
jete.

Qualitatively this explanation was fine, but my first attsrpt to
account namerically for the penetration versus standoff curve failed
because the oberve penetration increased too fast with standoff to be
ace(mra"td fur on tht, basin of a mere lengthoning or a particle Jet.
To account for the observed rapid rise in penetration, I fo.nd it
necesary to presume tja' IL.R average density of the jet r6maimad on-
stant during the early part f its elongation. In other words it

The equation predicted that V. '. nou be :Linear with T Only if

PJA3/A remainsd constant during perforation of the kirget plates.

For this reason only the data that was taken with target platos ner
the optmum standoff were cowsideiead. This data was scattered

thr ugh the ERL interin reports (5).

8
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remained contaraous and longt~aned by ductile drawing of the liner
m,~terto4. S3e the je+. pp'4 A~ey rc 1leqotn CDv -ntD - I
were fiou sharp edged particleas I premsmed that break-up of ,he jet
took place af+Ar the elongation had proceeded to a point deterined
by the ductility of the liner. his accounted for the slower rime in
penetration beyond a certain standoffs ifor the rata of increase *f
penetration with etar4Aoff should decreate whar the Jet in broken into
particles. Now I could understand why the par itration produced by

*
copper ad aluminm liners continued to Increase up to rclatvey
large standoffs, since theme m.etals are mxeh :: re ductile than steel.
i attaributed the drop in penetration beyoxd th optium standoft to
A/A increauing az the square of the standoff, With perfectly

sym trical chargea and liners A/A w 1 and the nenetration should
not" drop off wlth standoff. The occasional shot that ave m Uap
penetration at larep standoff was preoumed to be evidenoe for t*U
point of view. Further proof was foind in the fact that approxinately
the ems average A/A1 and the se. variation In A/A, were obtained
from both the P verss 5 car" and the V/U vermso aurve,,

Thee steady and son-ateady theories of jet ponstratoz, topftr
wilth the *J.1iwental aoi' m1ation wire reported (?) in Jame 19Q

o weeks later I reeived a copy of a Bitish paper (8) that treated
the peneStratAon by a reatey state jet. It cortaztl the saw for of
veloclt# eoquation And -" am& fom of penetration equation as I had
obtainmd, TL paper b7 H110 Mott and Pack differentiated itmeen
fluid and paticle typs jets1 for which they obtained different po-
portionality onstanta. Then differant proportionality onstants
weiv supposed to account for' the observed differences in penetrations
that vr obtained with liWrs of different vatriale, Kowevr#
penetrations do not correlate with mlting points of lihors In the
mwos requinid by ther theory. The papr did not dr ,v us stoandff
emtae. I realised (9) that if fluid &M particle jet# should be
treated with dAiferent przoportionality 'onstants as proead in this
KU1.1 Notts, and Pak psqper, x theory shou)l be modified t ecmse the

cotcn ue s Jete idth negligible strength should be treated like fluids
until they break up into particles. his modificatio?* hLch eaieted
of introducing into my velocity equation a proportionality onstant, 'k,
proved to be un.iportant for it did not affect an of the -hreciatioro
that had been obtained with enerfaental data. It nly atfected the

(6 )
*Convincing proof of thia ine rt found in B..1 radiogrphs.~u

41 L. Zernwo hais recently ahown good charges gie good penetratiom
at very long standoff.

* Recent considerations make it appear that this modification was
urdesirable, bauczaie the model used by R., Hill, N. L. Mott =.d
D. C. Pack to represent the partic1le jet was unralistic.

9
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estimate as to how close to the oiginial, position of the liner ba the
jets broke into particles.

It was g-atify ug thr.t the thnory accounted for the well known fact
that depths of penotration into Pemor were almost as great as in mild
st, " P..--.e the penetration b,- given charge ohmld depend. only on UMe
't'll , -it dit. However, the 1act that pinetratioti into armor were
saoenwat lo0e than into mild stool showed that some modification based
upon target strength shoujA be iitroduoed into the theory@ Some shots
* lead cylindedi shawiag much deeper total penetrations than were

"otod by the theory, had clearl dmonstrated the need for mich aMai i aton*

MacDougall early recognised (4) that penetrations by the front of
the job depended largely upon the target density while total ponstra-
tions depended m tarbst strength, He presmed that the aiditional
pentration Into soft targets was due to residual moentum continuing
to open the hole aft4r the last fast jet particle had simuok,
3iohelberger demonstrated (10) that the rear of the jet was responsible
for' the deep penetrations obse ved in lead* By placing armor plate
(1/2 In. thick) at various depths In a stack of lead plate's he fowid
that a ve? mal tLAI pare tatian was obtained when the am-r was in
thw propez postion tostop Me rear of the jet& In q ,Lrst pper (7)
I included a crde mpirical attumpt, based upon MacDougall's uam-
tion, to take aoiput of the target strength.

The difficulty in aoouanting for the trngth of the target could
be avoided by uing a staxdard tIapt material t0 absorb the roer of
the Jet after the front of the jet had been absorbed by ay target
material that was being tested. Tb s in Nsardhg for target materials
useful for defense, I employed stardard ed tild steel target plates to
Immure the residual ponstration. The use of the residual ;wnetration
as a mana of testing mterials auto ;t possible for me to develop with
1. L. Firm (11), a "residual pentration theory* which should be
practically Indspsndnt of target strngth, Actually this Presicaal
pst~afttn th**W and V,* walooity arpation pqglied to the front oil
tkw jet tr..., Ve on1y ww that should b called density lawe," sinco
-f Le ta -e only ones that have succeeded in predicting results !th
an materials.

Was PON iew was retained by the author until Sichelberger
pciuted out that the low velocity tail-nd of the jet was responsible
for the added pentrations observed in lov stxength targets,

10
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Uving the residual penetration technique with more than a hundred
different "aterials, Eichelborgar showed that practically all of tha.Ns
followed the theory to within the accuracy of his experiments. Accord-
ing to this theory, the thicomess of tar" t t. required to absorb a
given length of jet ii proportional to 1/.4', while th weight of the
protective material is proporttonl to pt, fhUS the weight required
for protection is proportlonw to p(l/ /p-) *s- and materials with low
de=sitW provide protection with the least weight, This is the reason
that we very early proposed the use of aluminm armor. Of eourse.,
with very low densities the thikeaas required is very great and the
weight of the devices for faiutenin the material greatly reduce hiA
advania4,

In cooperation iitwa P. R. Smith of the flintkot. Company, a
mixture of graral and pitch mastic called HCR (hollow charg resisting)
was developecl. It had a low density and provided atmewhat better pro-
teation than was predicted by the residual penetration theory* Pro-
tective panls of HCR were tiltfor tankw and tested, but the war
ended before final tests were aopleted.

In 1945 R. Raine-eldern howed (12) that glass affords mnah bettor
pfteetion than the Omnsity law predicts# He then showed that this
acoanted for the stopping power of = whose avel was aostly qaartsite.
itns-Galdern has explained the stopping power of glus by the fact that

in mddito to being very hard so hat the 3pt makes only a mall diamter
hole it bounces back and disrupts the jet that is passing through this

;Zhol . (13)

Jet Formaten

Historically, a fair qualitative picture of th- p'ocess of jet
penetration had been obtained by MaoDougall (4) before a.yore had
obtaimirg ary reasonable model for the procens of jet formation. Both
the Hi~l-Mott-Pack -rd my prnotration relations were developed from
the MaecDail model.

*L. Zernow and J. Simon of the MRL have verlied the secondary
interference with and the disruption of the jet, on passing
through glass, by means of their very high quality flash radiographs.

11

CONFIDENTIAL



CONFOENTIAL

I look back o, the a. 1apnd Charge SyMn.ociun hcld at 1703 Thirty-
Second St., Washingtons D. C. on March 29, 1943j, where I was first
introduced to this subject. as tho most interesting symposium I have
attended. The liat* of individuals who attended that meeting assured
that it could not be dull. Seeger presented von Neumann's theory of
interacting shock waves as an oxplanation of the unlined cavity effect,
MacDougall presented the ERL theory of jet formation with lined cavities,
which was based on von Neumann's theory for unlined cavities. 1b also
presented his model for jet penetration which I have discussed. 'The
early British view uf penetration was nut proscnted because no one was
there to sponsor it, W. 4. Lawson pro3ented the DuPont theory of jet
romatlon.
*The milnutes of this meeting list the names of the following persons as
being present.
Joint Committee on Shaped Charges:

Lt. Col. C.,H.M. Roberts, Chairman, Office of Chief of Aray Ordnance.
Lt. L. N. Ohl, Bureau of Naval Ordnance
G. B, Kistiakowsky, National Defense Renearch Conmittee

Office, Chief of Ordnance (A r):
Mork I. Hassey

Na fu reau of Ordnane,
i J. Seeger
W. 2, Land

National Defense Research Covitteei
D, P. HarDo'gai1
J. 0. Kirkwood

Jthns Hopkins Un ivrsity:
R. W. Woed

Naw ork Unii ,it ity,
R. Courant

Dlliatia Research Laboratories, Aberdeen Proving Oround:

0. Veblen
J. 1. Frazer
Rian. Lvy
14rtin Scwarechild
R. H. Kent

Development and Proof Services, Abordeen Proving Ground:

C. R. Hawk
K. I. DuPont deNewours and Cot

C, 0, Davis
W. E. Lawson
Leslie B. Seely, Jr.
Melvin A. Cook

Picatinny Arsenal:
J. W. Givens

(6-If Research:
Morris Muskat
F. W. Parker 12
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Both of the theories of jet foruation woe inganicus and appeared
to ai'Plan Mq of the celWpient!I xresuIlts. RL epersnmat favored
the IL tbeM, DuPont o3porimenta favored the D&Pont they. he
dioumnica beavme very heatode At mew point. a member of the 'mp said
to UstiabcmsIy, *Then you do not believe in eeriasntul evidance,
to which ka qucokly and emphatically rejo~ind, "Yes I do when properly
terpreted." The rejobidev was a classic that could not be forgotten.

A few veoke later I was fortunate to be visiting J.oC. Clark at
B. R. L. whan he obtaiied his first gpod radiop h (14) of a coflap-
ing linw. W had Ju as been oarry ng an a lively disususion of the
merits of the to theories and had favored qaposite sides of the question.
Man the neaptive cam out of his dark ron still wty he bald it up to
the lithto We looked long and hard and mjmnltw ly ap d, 7b a-m
both wro."O

Dirkhoff visited Clark a week or so later and after l3o:d g at the
radiopaphs is sad to have written dnm hirs 1 oV wnies theory (1%)
an the vpot. Tok in Knland obtai Madiogphs mch like Clarks,
which prapt Sir Geoffrey Taylor (.6) to formlate a bydrodIynm~io

Gwnmgtl Xntitutu of bohnolo!pa
im-,on No Fgh

* 4eriA*k Seits
aloeLves Revsarch Laboratry

N. A, Paul
&%gwn H, ftvtor
Ootp NO Mannerly"

At thp .am 30 ueuti this sme group vers in atteUanie and the
folwln8 nmes were added to the list of those present.

J . 3 a N O
Capt. J. C. Clark
Le R* Littleton
., von NewmamCol.e5 a, BI lth
N, Fe Roy

Io B. Wilson
Otto St n

Shese radiaoqaphs were obtained on a cooperative pogram between
DuPont (Eli. L. B. Seeley) and ML (D,. Jo C. ,"lark).
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theory almost identical with Birkhoff 's. The two reports bear dates less
thax' a month apart

Taylor's (17) stidy of the explosion of a long oylindrical bcwb re-
uated irt his theorem which made the predictions of the hydrodynamic
theuil mcre realistic.

Without this theouie ne mght conclude that a collapsing cylinder
(a cons with zero upox angle) should produce a Jet with infinite velocity.,
With this theorem the prediated Jet velocity from a cyllndrioal liner is
only tiee the detonation velocitye Aatually the measurement of the
velocity of a jet produced by a collapsing cylider is a sensitive check
on the validity of the Taylor theorem. Measurements withlarge charges
at Los Alamoe hv * furnished a striking confimation (18) of this

Non &teady Jet Formation

An example of how ach one #* evuluat4.n of exnrimental evidence
Inevitably in influenced by one's p o*noived Ide, is found in the
early *ondluaion reashed from the oarly radioarphe of Clark and Seeley.
Becase most of the sioentiata eoxleing these rediographs were looking
for evidence for the steady state assumtion that muet be made to justiy
the 1kylo uDjioff theories, the almoost unlver.a1 4 o 1cualcn was that
tie collapse iwtglo ramiad costant throughout th collapse process. It
was then neiisary to inmoke a new phenamnon to account for a seoondarl
jet Issuing from the lug long aftr the collapse process was completed.

It wai ortunate that I was deep in my analysis of the non-steady
process of penetration long before I had an apportunitV to view the
complete set of collapse radiopapha. Furthermors, my interest in the
collopme theory was at first only academic because it seend to be of
little importamne In the defense problem. I did not hear the conclusionw
reamhud by others before I viow-ad the radiograph*. My inued~ate oon-
c2sion was that the collapse angle increased continuously throu ut the
collap e proceas slimly at first and much more rapidly at the end. It
ppeared to me that the basal elements of the liner collapsed very slowly
aM I cm-ald me@ no evidence for a sudden or even rapid chage in the
process. Thus when hostilities ended in l94 and Col. Roberts suggested
that I continue 5 fundamental studies by moving most of my group to
Buoeton$ I welcomed the opportur.ty. At Bruceton we were able to take
over the ML facilities vacated by MacDougall And h g op.

* Attempts to obtain a copy of RC 193 have mat with no success. y
information consists of a brief note relayed from Taylor through Birkhoff
for Incluaion in Jour. Appl. Phys. I& No. 6 pp. 563-582 (June l.946),
where it is ineluded as Fig. 12, it legend, on p. 570. The t heorsm
appears in simpler form in Jour. Appl. Fivs, V, No. 5 (May 1952), Sq. (U)

It is suggestd in this article that the failure to observe penetrating
jet velocitieL as high as expected represents a failure of the theory.
It does, in foct, ropresent a failure of the steady-state theory, which was
bei g ured. r tbe non-steady theory, to be nertioned liter, &%&s
that tneae hih vi-1oci-Ues should not be observable with the experimental
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Since I still had many duiies on tho cam'uns i91ohelberger tooic
over direct charp of the Bruceton axupe The two of us worked in
cloe aollaboratinn on the theory (19) of non-steady jet formation.
Norman Rostoker, who joined the group in 1248, =wothed out mw of
the rough spots and investigated the validity of the assmptions.

Richelberger (20 was primarily responsible for the development
ef the techniqiee used in verifying the theory.

Hm the techniques of flach rudiography have en 4aef rwd t
the Aberdeen pomp can be saen by the fact that the new radiographs
by H. . Broidebach (n) an by Zinvo at al (22) can lewn no doubt
that the collapse angie does increase with time and furthermore that
the contour of the collapslng wall is not coicz. but curved.
mathematical formulation can be expee d to be right only for those
processes of jet fomation in which the loss of enera in the form of
beat can be inored. It is* htwmvers, atifying that when heat energ
canot be ignored the deviations of results from those predlicted b.-
athematics appear to be in th ezpeoted direction.

(k.nlusion

It Is hoped that this brief histcrical aewe t will be foud
interesting and beiptel especially to newooers in the file. aq
topics have been left out or inadequately covered. The avalable sace,
hewever, does not justify their incUslae, In se cases bief hi trIcal
aeo mts ar included in the ahdtpters, as for exmple, in Chapter VII
on spin ceoensaton,

For two reasons the reoent history has been subordinated to the
olders first, recent'history can be found in easily avanLable modern
repa'rs; and second, it is too difficult to evaluate objectively the
de.lopaents that are very new,
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CHAPTER II

STAWS OF THEMY

Oarrett Birkhoff

Harvard University
Caebridge, Masauohueetta

L. H. Thomas

Watson Scientific C-,V ting Labt-at-ny
New Yorks N, 7,

A l. Detonati2L .i

Mw detonation process is most easily pictured in terms of the
passaa of a *detonation front" (see Fig. 1)I thrugh the onilosives
with the elocity 1D L-1 the ra(g (1 (2) -9 m/,,. :/.c). Lellind

this detonation front, pressures P, of the order of 2 1,0100 atm ind

tmmperaturte T1 w 25000 - 40O00°C are commonly obseord (6). The total

chnicnA eaa7ies feeding the detonation are or the a d r (1), (2) of
a 1,000 pal/ga, Ti dotonation front in regarded an a shook surface

folloed by P *reaction smoia in which chW~pal reaction taken pla
and the thicomes of" which is etI eted (Ia) to be of the order of
1m for mast solid eplosivea, corresponding to 0.1 microsecovd reaction

Frai VD 2p and an assumed equation of state, one can estil. !t

Pla TV, and the particle velooity behind the detonation f'o't by the

eonmavatton of mass momentum, ani energy. The so-cslled Chapman-
Jpmont coadition (55 given a fourth eqpation# frm which VD itself can

be predicted. Rowever, t4he equations of state of solids under high
tkperatare and shock pressures are not acourately known (6), uni o
the preceding method is of 'Lime practical value. Seo Chapter 1,

I 2 for r more detailed discussions

If one avuimos that VD is a constant for a given explosive, so

that the detonation front propagates by Huygens' principle (?) (just as
in geometrical optios), one has a i'ational basis for "haping' explosive
waves by perpheral initiation, or by using composite char es having
different detonation velocities in different regiorn (og havng inert
cor'ec). Actually, VD my be affected by thO curvature of the detonation

front, and cou-posite oharps are especially liable to 4imperfactione.

*Some workers Tsee or instanco Techa. Report XIII, Univ. of Utah, May
15, 1953, by Cook, Filler, ad KeyeK) consider it necf-.ear., to take
into account a much wider band even for a first approximation.
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In lined cavity, charj.,er, the primary effect of the explosive is
thrvugh the collapse velocity V which it transmits to the liner, in the
high-pressure zone behind the detonation front. This vo:locity is
traniniittod,p by a complicated procnss of multiple Mohck :reflection,,
(8), (9) in 5~-50 "ses. The net effect of thece mutliple reflections
has been mhown by Roatoker itnd Murray (10) (11) to be nearly I'he samew
as if the liner wiere rigid& The effect of finite otarge dimensions and
confinement are not easy to determine; Oichelberger (12), (13), (114)
huc madis rough eetima~es of these effects using a crude t~rulease wave"
concept whiich involves an empirical paraumter K estimated! by other ex-
periments., Related estimates of the dependence V - f(C/1) of casing
frapent velocityr on the charge to mas ratio C/M may be found in the
classified 11carature. (15),. (10), (17)9 (18)1, (19)

However, even for plane liners, the qAntitative A~ccuracy of the
predictions in uncertain. The extension o~f the analysis to conical
liners g cylindrical casings presents formidable new diffi.culties.
Sapecially, the applicability of analogual f rmvuls near the apemc, the
base flanges and to. deeply fluted liners (1 8~ 4P 1) shou3d be viewed
with ekepticiam, until much ai~irs prograus has been made.

I2. Jotrwat ni haero o,.4*r" &Mor

In tho oase o'f conical :Liners vitb~h cona angie 2a the alxwajeat
picture 4a tAco asipame that thio liner collapse tith a constant velocity

osand in a comilmamnt direction. Applng Bernoulli's ecpution to
a moving rafarence rrame, this direction btsects the angle 20 between
the norjmal to the unonlApsed liner, and the normal to the collapsing
liner tos Vig. 2a). If one than neglecto internal shear stresses And
shocks (increase of entropy), on4 obtains thaeaystehdg aig
&M of Jet fornation, According to this theoy b collpsing coned7iidiei into a high speed le &nd a slower al hs ms-atoi
(in terms of the angle P between the collapsiUtie liner and the axis),

(1 m/~ (1 + con P)/I - 00os P) a cot 2 0/94)

adwhose velocitien are respectively

(2) 7V3  0  co / Vs .mV AU0 1

An the details of this theory have been published , we shall not
repeat them hers,

* abmats of1 VO -~ ma ayb O rm , deperading on K.
se (e 20) for the derivation. The frm used here Is that given

in (21), ecqations (a&) -(6b), P. 534.
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We recall, however, that ir an incompr-&sible wedwe-shaped iner to
considered, the complete velocRy field may be found by conformal mapping
(22), Thic has scinotimes led to the erroneous impression that incompres-
sibility must be aasume in deriving equations(l) - (2). In fact the

nmiinin_ -n rM+nArv (2) 1VA' __f Pllmin" I

(i) Steady state flow, in a moving reference frame. trictly
speaking, this requires a plane detonation wave, and it liner whose thick-
nes is inversely proportional to the distance from the cone apex*

(ii) Shear forces are negligible. Since the yield stress of mild
uuw A.~ I W %0%"~1, AWg40

(iii) Isentropic, shock-free flow (cf, § 5).

(iv) Constant pressure on the liner near the stagnation point J,
the ame ide and outside the liner.

(v) AyMtotically uniform flow in the liner, jet, and slug, away
frm the stagnation point J.

Frwu the preceding aasmptins,, it folloua that, relative to axes
wzA!g with the collapse (stagation)point J wo have the Bermouilli

=equa ion (by (I) - (iii.),, and henom (by (ir$ - (v)) the same rlative
volocity in the Jet, slug, and collapsing liner (ne. Fig, 2b).

The eqpations (1) - (2) ha'o been confirmed experimentally near
the fMof ign cons. Dupecially is this true' of the predictions that

te T'langlishould ecpal the slug length, and of the initial Vi.
However, near the base of the cone, the collsp mg1s . ncreaalu rapidly,
the obserM m,/n, is mniderably larger (23) 3 n. tbjA preftytW by
(I), ,%nd the jet besce several times longer than the slug. We sha l
now attept to rationalise these fau t2) foloLng ideas first exqlicitly
fozualated by Pugh. (21)s (24&); (25) (6

13s :Ltfrt-o frtodr theory

In H.B.A.T. shell with conical liners (Fig. 1), it is obvious that
C/M, the hargse/mass ratio in a cross-section, decreases from infinity 00
to a rall qantity. one moves along the limr axis (x-ub) from
apax to base9  H*ncA (cf. 11 ) the call-apse velocity i () my be expected
to decrease correspondingly, in a way which can be 6uhly predicted.
It would be desirable to have accrate direct experimental measurements
of V z). However, inferences from I-radiographs are not accurate, and
tasie utsiz lss "  see .difficult to .app .............................
* This was found in 1943 at Bruoeton..

see (-255, wi,,rs +he thwory p--r-porl to predict everything f-rom

a J/an andv.

*W*Th, data were repored by Dean Mallory of the 1. 0. L.
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If one assumes that (vi) there is negligible momentum transfer

after the initial ph-ses of the collaps e process, one concludes the-
each liner element from the ring-shaped sone with initi-al poaol ' - .

mares With constant velocity Vax) in a traight line until It ,pk =3

the liner axis.- Since the collapse direction bisects the 1.4ti
angle between the initial norm*,. to the collapsing liner and the normal
to the original cone, one can predict from VO(X) and the initial collapse
angle, the shape of the cillapslng liner at all tines . The predicted
0llApiO profile agzweu with observation, at lait qualitatiVeoy

As eaphasized by Pugh, Nichelberger and Rostokur (30), (22) who
originated the preceding "first order" theory the inferred loca
CoMES Re a ' Px) and lo2al relative velocity VI(x) on the -ai will

increase and decrease markedly as we v from apex to base. By (2),
the increase in P(x) ac.entuates the jet velocity grOient, so that
Vl(X) decreases to a fraction of its Ini.al value **

With cone. the re ativ change in P(x) and v(x) per liner
thinne-ss aats"! hone it seem reasonable to aereas that the theory

7W W applicable to these quantit~ese At loutp this
&MOMWption v-9a ,laple bau for calculating, &a funoti) of
the velocity V(x) of jet formation and mass-ratio m (M)/n%30

4 i. Amlicablty of theo=

The pap at Carnegie Tech. ha publiehed (32) (33); (34)
xperimental evidence corfirming the idea that the jet mass and ololity

Vadient can be predicted apprMmiaately by the preceding first ordta
theory tiefly outli-ed, their con rmation proceeds as fommasu

"The theory has been word out in detail for the case where a
plane detonation wave travels parallel to the axws of a conical liner*
Four Independent eqaations are obtained relating evn different variable
functions of the coovdinate z# where x defines the original position
of a saal alwm t in the und-i-,inwt l ar. These seven variables are
liste below togathew with their definitions and the methods of deter-
mining t9me

Variable Definition Mettiod of Determiuing Lept.

da Mass of original cone Direct weighing of sectioned A

element, COME.'

. .. .. ........ as..of.. sl. elemnt........... - Stons. frm .s.antioned..... B 2
cones are recovered a"
weighed.

da j Mass of jet element. Infrrad from da dm - dm .

r--T ' stablity -o'this wthod of ilouat.on bas been discmused by
Hadn _ and Ok-dner (28)1. see also S U' below. Aotually, plastic forces
caume some deflection; see (29).

* Very good data are gien in (31) by re+8b~ehch.
2
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Variable Definition Method of Determining Expt.

V Velocity of jet element. Measured as a function of C
Mj with a rotating mirror

canmra:

combined with the collection D
and wei-ing of sections of
the jet.

V Veloeity of collapsing Diffieuit to measure directly,cone elenent, but may be approximated from
the : ,lease wave theory.

8 Angle definIng the di- Difficult to measure.
rection of collapse of
the liner element.

Angr between collapsing Flash radiographs provide
esmwnt and the cone semi-quantitative values.

axis.

EzperimntFs A, B, C, and D, (35) performed on standard charges
with steel liners, provided sets of values which could be used with
the four independent etuations to determine two independent sets of

values or V;Yz The apeemnt between these two inde-
pendent sets wa excelleit. Flash radiographs by Clark, (36)
BReidenbach (31) and ZernW (37) on similarly shaped charges provide
values of F (z) that are in good qualitative agreement with the
abov sets. fteriments A, B, and C, performed on cmnes of aluminu
copper, and steel, with apex angles from 22 to 880 and with liner
thicksse from 0.022 in. to 0.056 in. have provided similar semi-
quantitative verificatimons for this wider range of variables. Wth
this large variety of charges, the values of Vo(x) estimated from

"release wave" calculations are in fair agreement with those obtained
by substituting the results of experiments A, B, and C into the four
equations. Deviations appear to be in the direction expected from
consideration of strength effects. "Raleaso wave" calculations also have
provided similar verification with charges having explosives shaped
very differently fr m those in the standard chares,"

However, th' acoaty of the preceding "first order" hydroO ,n-iical
theory is obviou*3y limited by tho va1~dity of assumptions (ii) - (v)
of A 2, and the (ii)..t.., t.reuatm.chana....................
e}(X) and V px) Per liner thickness is mall. We shall now give an a

-or discetneion -Yf thaj lLdty rd' theafe _Vmmti ons Tinhewn +%giA-ad~
0 resultng departures from the simplifled picture are not kn.....
ari are very difficult to etimate.

i) Near the end of co-apsm, when the liner necks cown (see F. 3)
it in..d to dee why the Berno,'AlL. equation should be locally ,p.aL.

si ems unnvvincirg, azy' there is a considerable interchange of
T-P -37 ca 4iat ciz £erent analysis.
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momentim betweon Uiner elements, contradicting (vi).

441 Metallurgical evidence indicates (38), (39) that e she,.L
Iftlesses are enough to heat the core cC the liner up to 1%00 F, corres-
ponding to the macharcal entrVy of a velocity 49 2500 metrs/see, or to
a velocity drop from 8000 to 7600 miters/sec. Also, early Bruoaton
e..eriments (40), (i) showed that with reduced explosive energy, the
ratio mi/m. was appreciably altered. Incidentally, shear strength is

Increased markedly by hydrostatic pressre (42). These facts indicate
th+. h--Ad---Loal theories carnot be used .Ach beneath the raxge
of eplosive energies involved, especially near the tail of the jet.

(III) HsatAng by shock waves, The data, of 5 show that, with
jet velocities only 2-3 times those obtained from service rounds, such
effects are critical.

(iv) The emplosive erta a corsiderable pressure 'squeoH' on
the aluge It is hard to estimate the magnitude of the pressures but
it would, of course, tend to lengthen the jet. I-radiographe reveal
a high-pressure zoAe in the shape of an inverted cone,t and a change
in the shape of the slug after collapse in ooplete.

*XMTOMiAL MOT

Since the prparation of this chapter by the authors, a ueeftl
azaly ui of ahaped charge liner collapse has been developed to which
attention Mould be called. Jackson and Ca'k considered the Problam

af lgrang ,. 'rh equations of motion of two pistons driven by gas
confined btveea hem, were obtained in teras of dismnsionless paramters
and intor-ated in closed tform. Rastoker (CIT) obtained a simila, result
for ni mare reatrIcted case, The Jackson and Claxk Polution we applied
to tho element of a shaped charge liner. Thr shook reolec e& from the
liner ws inclWied by uasing an enhanced sound velocity. The motion of
the liner was aken normal to the surfaoe, modified by a mall comonent
parallel to the mrface due to ths o i ,uwcly vainag pzvesurs behind
the detonation &nt.

Having thus obtained the mass, direction and velocity of the liner
lemenbi, the characterist cs of the alug and jet elwents were obtained

by the usual hydrodynakic mothods., .

The equations naw been coded for use with the ORDvAC and solutions
can be readily obtained for ay liner whose generator can be represented
by a continuous equation, and for point or peripheral initiation° To date
seveal cases have bee~n c....tan.d for which experiment , values are avail- ............. .

able .. tor-comparison. o h agrn'emnt was good.
The end r.-sult obtained is similar to that obtained Ly the CUT ielease

Wavm and Goneaiad Shaped Charge Theories but no direct cearison of

numerical reau:L-.s Irm ttze two theor-ies hsA yet been mades

M hoographs taken by Sultwanoff,, For the change in the
.;!uC, see Breidon'.'ch, BRL 808. (31)
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Sam light is shed on ,the limitations of hydrodynamical jet theories
by data recentlY released by Los Alams (6) Among the relevmnt facts
observed eprifmsntal.y, the following deserve mention.

As first suggested in 1945 by K. Fuchs and P. Stein, for a
suffio ontly mall angle between two Impingng plane surfaces (corres-
ponding to the collapse of a wedg-shaped liner), a jetleos impact is
possible. Te cri ial anglin mis au e as for attached shook flov
past a wedge, and Is about 30 for dural, md steel, lead, and brags, at
impact veloc~ites of around 3 Km/sec. '%hg. 4). I

Mathem cal anal7s shows (43) that no analogous Jotlois collapse
of oonical liners in possible. Consequently,, the se of oonverging detw-
ti m ves and ery =nll cone angles 2a should yield arbitrarily high
jet velocities Vj of about 2VO oso a, according to the hydrodynmmical
theories (141)4 of § 1 2-3 Howevez', actual jets traveling at thirse
speeds tend to spxead latera3y an if they were gaseous, sad de iatLons
from the hydrodynamical theor bsomp evident xbr V around 50 Im/sec.

66. jet J:3

Dus to the jet voeloty gradient Alreudy mntonet), the jet my be ~
peoted to lUngthen con'tinuously, while moving ahead in a straight Una.

in the case of wimfi-fo'end (or. Ch.11), un.rotat d (of. Ch. charges
and .ners, a st aight, seadill, lengthening jet Is in fact obserwd.
However real j -t always brsaimW into streams of partioles sooner or
later (e YS. 3). The tir of break-up has an important effect on pens-
tratlon (of. 58 below).

With steel Ltnern break-up rdinarily occurs within a Pew c e
diaimtenof travel (468), while for cpper iners, an first predicted (49)
by Pugh and later confirmed experimntally, considerable ductile drawing
occur., and break-up is much later. There aregOisuiv empirical data
an the ,mas-distribution of jet pariclea (%52) Itlle Oe existence of

4 For eaxpl,, if Va a 3 Im/sec. and 2 m 1"00 . V1 " 80 Km/se.

Q For mathematical dat.ils, s" (45) (46), or (47).
*** For eperimental confirmation, ace W) and (51).
NANO e recent jet x-ray pictures taken at the Ms and

CIT data.
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adequate theories of the break-up of steel shell and bomb cavsa suggests
what analogous quaiempirical thaorieo of jet break-up can pezt.aps be
constructod, within the framewor.k of the ulassical muchantics of cmtinua.

The conditiots of fracture under tenion are not yet very olearly
undarto.d, For a good theory we would need to know, in tha first place#
how the stress in the materal depends not o an the stain but on the
rate of strain and on the past history. (54)

'-e '-"t" ta...,""M- ,..--,-..,, U c cWatal tand to we 'Aot"i. (%6)
arA that cast Iron and steel behave so dWfferently under orAraay oonA
ditioas suggest tiat a t8 A ntal theory must take account of cmtallne
and poQyarytalline stucture of the materal. Further, actual fracture
my Involve an instability of plastic flow or the propagtion of a oraok (54)
and may, for this reason, also happen different~l at high peeds

If the diaweter is taken ns the unit of length, the *Law of Crann"
assets that geometrically similar' shaped charge r anitof wdl ui
diameter j behave approxiniately msmilarly (57), (58)

The best theoretical basis fnr this fact consists in the principle
(30, 30a) that th~eprtial and explosive stresses involved depend uup!7
On the (57) (58)* Jr aMdmh less on the tiof stan.
Althou~lh th~e ris n--not enotp and is preomibV -not applicable
to the reaction soaep to viscous effects or to jet break-up, iL4 has
!proent lAidity to be very useful .n analysng existing data.

Applied to rottatng dA*d eharges, it predicts that the relative
deterioration in shaped oharge performance due to pin# with similar
rounds of different dameter d spirning at ca repose, should be doter-
mined by %he spin paramter c4 meanuring l.- peripheral .locity =r
than by w itself., This peripheral velocity oad is olearly Ti/n, wer i

is the iipact veloity, and 1/n the twist of rifling (in turns per
caliber).

* For the;res of shell frapentation, nee N. F. Mott, (5.3).
For the variation in stress with rate of strain, so (5)

eeue also the extAnsive tests by Schardir, to be reported in Vol. 6
of the Cgmu. AM1. Math.

e4*Yo the arguwmnt, see G. i.zkhoff (59), where va.iou special cases
.. aire treated.
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The preceding prediction is in fair ageement with available
exper.1ental data.*

Conxiderations of similitude often help greatly in determning
the lirits of applicability of theories, which are commonly invariant
under large groupa of transformations. For instance, with 4oxplosives
having the same adiabatic constant y, if the liner and casing are
treated as incompressible fluids, then the behavior is geomotrically
similar with reduced velocio = , regardless of the explosive
energy I, prvide..that the eonation velocity is lowered in pLo-
porcetn to V1 . Hence, reduotions in penetration %bich occur -- with

aw~~,4..a 41, k... , ,,hw 41 e traw-&gth f thow tag matwrial.
ae probably corrlated with limitations in the aDplicabili,1 of
strictly hydrodryamical theories like those of § 52-3 and ir8.

58. Penetration, o order" thor

A continuous perfect y formed fluid jet of density p3, moving
ith Cerstant velocity Vj, should penetrate a target of density p with

a constant velocity U, which 9m, be roughly predicted* " from the
continuity of pressure at the "stagnation point" (Fig. 5), where the
tip of the jet is boring into the target. In a reference frame moving
with velocity U, neglecting target strengh ad ccmpressibility,
Bernoulli's Th-eAom assume the simple form

112 1 2.
(3) 1 Pi (V3 j ")

2 *~ U

HenOe the rate of penetration U satisfies the equation

U N (P/P)l/2 (VI - U),

where V - U is the rate at which the jet is being used up. Solving,
we get the TWlI-Mt-Pack equation *

(4&) P a(P p 1/ 2 L3 L

covnecting the total eL fro netration P with th6 ttal lmh L.
for uniform. ingrsbe=6

* See (60), where the contrary conclusion is reached that P/d - f(co)
Theory suggesta P/d n f(wd). However, "spitback" fuzes support the
view sppressed here,, as do more recent C.I.T. experimentme Se (61).

4 Early HPruceton er p.riments.
Thi method is due to R. Hill., N. F. Mott, and D. C. Pack (62).

**.,MacDougall and Put..obtained this eqation Wsependently. ...
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Because of the assumption V w cotwt., which corrospoads to the

model of .2, this may be called a "sore order" Pheory. Combining with
I 2k woe oe that L n (d/2) cs P is nearly the cone slant height.
Actually, total penetrations several tim.s this depth are cttained at
large standoff for reuons explained in o 9 w oever, equation (3)
can be used to iter the useful equations

(5) U a *j/(

I - P U P V/2/(l p2

from which the instantaneous penetration velocity U and stagation
preaeure p n appr tatoly interred.

This (63)b Jets penetrating N0 at 4 mm/Psoo have been observed by

Kerr cell photography. Again, a 10 mm/sksec stel jot will penetrate a
steel target at 0 - T/2 w 5 inalec, according to (5), giving a
stagnation pressure p '500,9(O atm., roughly. This obviously greatly
exceeds 0 s yield *t.rlngth of stc-l, Justifitng the )wdrodp=ioal nodael.

In two dimenuions (e.g., for wedge-shaped cutting charpes) even
the pressure g&!Jti can be d-etermined mathematically. (640

f, _Ntrationa "first order " theor

The oanuiderptions or 13 lead to an Isqortant od ifoation of
formla (4) due "' Pu~h and Firemani (65), (66), (46) (657)which explains
the obserrem variation in penetration with standoff. In this modification,
me assme s a'vartiati n in the jet velocity and density along its
length, so tha Ve lVs Theorem Is loc appltnabe. This gives

Whe Pj(z) is the "effective" density of the jet when it reaches the

target.

Looklng only at the first factor in (4a), ve see that, for different
tat 4Aal, P cc I/ Vp . Thus, weight for weight, low NitCy
materials .ureor e the best defense against shaW charges, as iong as
V-(r) is so large that the target yi ld-strength is negligible. For

mild steel, with a yield stren th ef 8000 atm., this corresponds to
V) ;450 netors/sec, which Is not verifiod near the tail. -d. of the

jet,. ),is explains qualitatively why penetrations ,tnto mild steel are
- 15%' deeper than into armor: The latter has greater yield strengthi.

, The qualitative idea is in (68).
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However, the proportionality P a I/ Vp has been coni.r.ied app,oxi-
mately for many materials, quartz-li.ke materials being the most notable
exceptions. A more detailed discsasion will be given in Oh. I.

Looking directly at (W), or at its refinement (4a), it is clear
that the inremient in penetatoin P with standoff S may be explained
qualitatiieWVgrFte endency R jet to 1 in -- n as it progresses,
and henoi,, indirectly, by the veloaty eadient along the jet. This
factor, rather than an overall increase in velocity, is considered
responsible for the improvement in penetration with peripheral
initiation, (69)2 (70)

The qaaa -tv aploat- )!(a etr:-sucz!,' pre-
diction of pie This is variable, because of jet break-up, rotation,
and other factors. It is convenient to dLstinguish several cases,
in tryijg to describe the dependence of penetration P on standoff S.

1. In the case of vell-formed Cu jets, it is believed that
dutile drawing makes p3 constant, out to a large stu.ndoff, Hence
P a Po( . a 8). Other fluid jets am 1,--se effective: this may be
due to lawar dazaity, wav&-ing, or other factors (71).

II. In the cain of perfectly a.ifned particle jets, p3j decreases

in inrse proporton to de, so that a formula of the type P - Pe VI _+Q S
is inferred.

W. In tw case ,f unalipned jets, h ther je to imperfections
or ,otatlo a, p decreases also In pwoxtlkn to S due to "spreading,"

so that a foremla of the type P S I inferred.

Curves of the p reedinL type can be roughly Atted to observed
datal the large experimental scatter prevents more eozt concluaions
fram b .ng . Ideally, espeially in Cse Is it might bo possible
to infer an optimum V() from theortiln consideration,. Out a large

amount of empirical work at Bruceton,, during orli War II, failed to
iow substantially on conical lnears.

rezark L. Although t'V preceding "first order" hydrodynamical
theory of penetration has been applied abore only to homoesneoun targets,

imple extnios give a quite adequate e.planabion of penetration into
non-homogeneous, spaced or laminated targete. Thsn extenbions involve
a concept of aesidual penetration, which we have not space enousm to.ea lAn here._

For a--n smssion of this, see Chap. li, § 50 Another euoption is
provided by abnormally deep penetrations into lead; Mil another, by
the fact that penetratio.s into mild steel are 10% - 15% deeper than
those into lUad. These -facts may be correlatod id.h diftbrences in
yield point, or wiiih the concept of "afterflow" (of. (68), and (66) p.87).
S* 3ee (2) for details.
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Remark 2. The hole volume is harier to predict theoretically.
'ilelie'se Law" of the proportionalitt of hole volume to ava-1ladilo energy
(jet eneror) is approximuately valid' at low speeds, According to the
hdrodyhamicul theory (64) infinite volumes could be obtained, but tlie
yield-stress limits the growth of the holes

110. S9ffect of Rotation

It was observed an early as 19413 that rotation caused a large
decrease in penetration P, andi that this effect was especially
noticeable a~large standoff." Tyical record. of P/d an a runction
of w d (of .al7 abon, Ch. 711 below) are plotted in Fig. 6. The
reduction in penetration by spin may be attributed to lateral dispersion
of the jet, which decreases it.. effective meaadensity. This lateral
diapertion 4-5 also evident in I-radiopraphs.* Thus, the jet velocityr
and momentum are about the maim as f or unrotated liners (77).

Amauung hat jet particles iii... in atre-ight lines, we may corre-
late with the penetration the orr ot 92 ie the mean densityv p will
be proportional to the invrse scpar 3/r' of the standoff 'S. lMmr&
at large standoff' 8, th'e penetration P should bei proportional to 1/5,
and on* mny expect a decrease in penetration an standoff lengthens,

'As Iwtq pictw~'as soatiman P*,,uN a bifurcation of the Jet (78)
uand a theory of the ins*MbLtY of a lengthening rotating jet is JA
psomes of orstir'iction tse* in 11iU1) below).

Attampts hxve been wnde to imuprove the peformance of spin-stabilized
Shen byusig vrios ton-coniomi, axially symietric liners (of. Ch. VII

balm. Hoeversuch attempts bae" not beer promisinge at high rates of
splen wid so the major ahaais has been on the design of fluted Liners
not h&iving axial Wyme try.

fte idea urderlying the use of fluted liners is that of Ospin couen-
nation" - ioes$ of annihilating the angular mamustam of the liner so am
to inhibit thes jet spreading already discussed (N 10). 'Ibis in not ite
Owh some as the original idea of using "offsets" (of. Fig. 7a) to iFiake
moet of the liner collapse on the axiu.

Tart a forparticle impacts have recently been obtained atf
CI.T. Zarlier data reported by Roberts and tUbblohd6, ('73) or'74
are conuistent with HIelis Is Law. There is art intervsting analoY with
Mes cavities formed behinsd missiles entering cf. (75)oand(39),

-. Ss' (39?, Sections V,, X11i*!or World War 11 data and references.
Se Be (76), where a g,)od disacussion of the preceding material may be

***1*They may, however, be adequate for slowly 3piraning rounds. Adequate
compensation for normal, 3pifl-stabilized rounds5 at 2000 f/a has not
yat been achieved by any means.
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7a
7b

Oensrally Opeakcng, one Ma hope to achieve nom spin copensation
by using wavy rutinp, .n which the wall in thicker on the forward side,

&In Fig. 7b. This ise because UMtMW1-' transfrred *is near:ly nornma
to the liner surac, and proportion = ts thickness.

Near the bas of the lner., where rotation effects are most seriouss
one may also hope to convert sa of the axial mnmentum of the agplosive
behind the shook wave into rotational nomentua, by using alpJ , f~ting.,
whoe angle with a meridian plane be mes propressively atispieo

Owever, the meohan1. of spin ocaponation is not yet clearly
underastood. faa,, with several dpslm, ven ,the direction of spin
oampensaticn Is reversed Ly changin the numnbr of flutings, and thia

ems hard to explain. Again, the cmadeatian that uniform esamre
of the exploaive on the surface, howve fluted, would produce aeat34

ero comenation, shows that a fairly sophito td theox is required,
which miat prbably include a detailed disousaign of the expla4ive-linor
interction, perhapa by annmrical methods (see 5 12 below).

For the present, we must rely mainly on espirical data. Arf success-
ful theory must explain not on y the direooon of spin cumpensation but
also its magniAd for the shapes discuased in detail in chap. vIII.

U 1. - E~tUV aUd
IbeU a problem Is tw oalioated for mot analytia , ocaut ion, it

Is oft" e ossit to start with an exact solution of a special, cae or,
of a s if l roblem, and to consider the eteo or mall dapartures
("parbaationuv) from this solutcei. To the first order In the perturba-
tion, we have a linear prob mi, which will, however, usually still be
too diffioult for-m £ytical solution* If furtiiar the lineir problem
turns out to have separable vrisblsq in jpneral or In special cases,
or if awe wpoeial cases, on account of' ymetry, ievolve way ao
variabiss one my be able to obtai_ analytcal solutionst

In goneral, In order to canry out such a progrm, ome must make
drastic restriction# an the proptrtiss of the materials involved, or on
the initial conditiova, to obt t -an -exact solutlun from which to starto
Also, am can ofteii eolve the linar perturbation eqpations analytically"
by separating vaz1blas, only for special cases or configurations, In
the end, we usually have the further approximation that the Perturbation
in taokn into account only to the first order.

iJee(iT.-£ ~t -:ative discutsion of this was given in (80).
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We must therefore be very cautious in maklng applications of to
results of perturbation calcuations for shaped charges, enpecially
since w.e do not have at al exRct knowledge of the propetes of the
materials un3e tne actual oonditions. They do, however, where thny
can be made, give insight into the stability of the exact solutions.

It wuld be encouraging if we could obtain perturbation sulutions
starting from the steady state two-dimensional ilia or axial y'
aywtrical three-dimensional flow described above (5 2) so as to
estimate the effects of departure from stoady state conditions on account
of gometrical factors or of the oontinui g pressure of the eplosive
gases as well as we effect's of the actual oompreaevil"iAty Wj 9f we
internal stresses in the material, but only ame very special cases,
of *ioh we shall give three exzaples, have been treated with any success.

(1) lI ve suppose the liner to be very thin and weak (o.e-
dimensional), and neglect It. interal sotesses oapleely, even the
hydrostatic prmesmae, we may obtain simple equations for its notion
under oontinuing ezplosion gas pressure.e I t a denotes the Lap'angian
mas variable, nd x(awt), y(a,t) denote tOe position of a point on
the liner, the equations of mction are

8~ 2 Xjt &~b/a 2 7/at2 _P ax/aa() a xa -- p ay/aa, a / x

Wbere p(t) denotes the pressure it tim t supposed constant in space.
These eqaations ae essentially unstablef in the sense that any waviness
increases eavneatially, and it is tempting to relate thin to the extrepm
sensitivity -f performance to initial departure fi' 3ymettzy (Chs. III
TV , 7). It should, however, be remarked that constant pressure could
.,ut bu mantained by the gases against exonenxtalyt increasing waviness,
and in the limiting case of the flow of fas Intd a vYWuJm a definite
smooth boundar7 mar be maintaireo

(ii) By pertuxbing the exact solution, due to RaylUih, for a
coflapsing spherical or cylindrical cavity surr onded by incompressible
fluid, one han shw tat the inner wall tenis to be a while it is
being accelerated radially, and unstable while it is aeng deoelorated.
These arm the wel-known conditdone of Taylor instability. In addition,
in the case of a naphorloal oavity havi.na inward dial acceleration,
there is an instability due to negative damp:ng.(81), (82)

(iii) The stabillty of a very long uniform unifornly exterVitng
Jet may be investigated by perturbation theory (83). If i ,ppose the
material Inoompressible, the oteedy motion remains geometrically simdlar
to itself under longLtudLral taxensio and lateral contraction even if
rotation and internal stresses of plastic type are taken into account.
.h -yeold st'My even -hango with time, as by work hardening.
T5r~o~5z~rw'lge 23s -' -th ref'erenzes,...... O .. .. g .,3 ". - .ee e , ... . . .... ....

"rhe instability duo to ,ekgutive damping %_a fir30 pointed out by
one of us,
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in tems of time t and coordinates x. y, contracting transversely
and s extending longitudinally (so that x/ /Tq y/ and z t., are
unsealed coordinates), the equations for small changes in velocity
proportional to u VT. v Vt, and w/t, take the form

NE ~t Ox.) _t 2

where yt Ua the angular velocity of rotation and pxx ... p22

are components of stress.

The pert bation equations are separable in suitable variables,
but we still have to determine the rate of change of amplitude of
various modes in a caoplicated linear system whose coefficients are
variable in the time. The frequently observed bifurcation under
rotation xaV perhaps be understood qalitatively, when the solution
has been carried through.

In jet break-up problems, the initially high internal hydrostatic
pressure rapid3y drops to zero and, for a rotating jet, becomes negative,
so the assuption of incormpressibility may be not too far from thi
truth.

* 13. Numerical methods

Most unsolved shaped charge problems are hiehly non-linear, and
c t be solved analytically or by perturbation methods. Hence they
met be solved americall.

For .-mrical solution, problems can be roughly classified accord-
ing to the number of independent variables involved, and to-whether
they ar of elliptic, hyperbolic, parabolic, or mixed type. 2 +111 ,_ptic
probleme in n variables involve Ahout as much work (4) as hyperbolic
problema as a - L variables, proviue. sopb in the aav-iike va1'iables
are about c A t., where At is the time step, aad c is the analog of
sound vs1ocity (85).

Thus the simplest shaped charge problems for numerical solution
cowsrn the collapse of plane, cylindrical and spherical carities
under appropriate detonation waves, and involve only one dimension
of epace, and tine. The order of difficulty is the sam as for problems
concerning the propagation of plane, cylindrical and spherical blast
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waves, on which much numerical work has been done ueir.g desk machines (86).
The principal difficulty comes in knowing ihe right eqiation of state.
Once this is 'nown, rapid progress may be hoped for., eacia4 in the
initial phases of collapse, when the differential. equation is hyperbolic.

Most other unsolved a&.aped charge problems ax too laborious for
desk machinoe. and require large-scaie computing machinery. The newer
automatically sequenced computing machines are Pat enouh to make
preotical the solution of problems requiring 107 or fewer aritmstical

perations. This permits the solution of problems of elliptic tyM in
two variables, or provided tIe natural msh-ratio dx /A t giving

rd miau m.gn in about. op of 1yperbholJo type in three variables.
shall now outline e& problem which fall within these limitations.

24l~. Some possible W~blhg

The first class of such problems conmnr'n Mateady state* plaue•
or axially symitric jot formation and penetration (I 2,98). These ars,
in general, problems of mixed hyperbolic-olliptio type involving two
Vpace dimensions. When actual tim variation is taken into account, we
hav a problem of hyperbolic type Involving two apace dimensioas and
times

The azially uyinetrin eass includes the genral problem of a mooth
owical linwr. The plane came includes the general problem of a wedge-

shaped liner. This case also includes tm collapse of a cylindrcal
detonation wave on a fluted oylindrical liner, which may ft'rniuh u om
infomattin about tbe sechandte of spin o ensation.

Nore generallyj a stead4 state solutior exists if the initial
distribution of matter in two-d4ionsiwO4 and if the detonation wave
travels in the third apace dimension. The most reneral case will give
us the epin-ompnsation for a fluted cylindrical liner, and we may hop.
that the elier part of the motion will be of hyperbolic type. When,
homver, the petrical interference leading to the production of a
slug and jet has to be taken into aocount, the problem =et bccin of
ellptio type. The line of denaoation should be similar to the sonic
Lift in fluid ftmi partly supersonic and partly subsonic and my woll
include a stWong ook.

It i tmpting to do the .hytodynavLal (incompressible, non-
viscous) case ftwstp because the ditZhrontial eq"Uons are simp~r.
fus the k-divtneinal jet con be compared with the analytical. solution

2 above) whil the LIaLU s aymm ic case has also been zo'vd
approziusto~r by relamtIn wetlhods (8),

However, tb. am~aa'av~ wammu -nay aictu%1341- -m~m to o,
in the initV4al ishaseom co:U.&* than th lnoam, ssbla' case, because
it redmcss the problem to oo of kIrbe lid ;ie. Udeed, low cor-
Wosiity is pwoba-4bly 4 nte it leads to a high sound
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valocity co, and necessitates using a vary short time step,

It in to be hoped that the it~rodurtion of plastic forces in the
liner win have the effect of viav:ous force. in hydrodynamics of smooth-
ing over shook fronts, so that we wil3. net, need to complicate the
iamerical work to take them into acoount (87)1to do so would probably
take problea involving two space dimensions and tun out of range.
At the ae tioe, to fo-low a otion started nearly impulsively from
Initial rest should not St one into trouble with turbulence- fta
actual observed formation of Mach Yis includ.ing slip strems at
blla3 reflactiona ~ ahoQU in fluida mi- wam us not to put too aunch

trust in thishpe)(o

The genewa problem of the mpact of the detonation wave on a flutad
conical liner and the subsequent collapse of the liner and formation of
a jet and slug involves three space variables end time Hence it Is
probaby too cmpliated for presently available, machines.
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CHAPTER III

LIMR FEROSMANCE

John E. Shaw

Ballistic Research Laboratories
Aberdeen Proving Ground, Maryland

A. Introduction

1. Measures of liner performance

The performance of a shaped charge liner would logically be
upres ed in terms of the characteristics of the jet produced: velocity,
length, velocity gradient, density, and mass distribution. What this
jet accomplishes in penetrating a given target depends as such on the
target as on the jet. However, it is difficult to determine some of the
Jet characteristics, Wile penetration into a given tarret is readily
measwred, and the ability to perforate a given target aad to cause damage
behind the target is the end result actually wan',ad in most cases. For
this reason, liner performance is measured in terms of pen6tration into
so0 homogneous reproducible material, usually mild steel. Both mild
steel and 1iam6gdneous armor are used, but dhe two are not ecpivalent.
Different grades or types o mild steel all give about the same average
penetration for a given shaped charge design but this i- not true for
homogeneous armor. It is reported (I) that the penetration of a given
Jet into steel at a fixed standoff varies essentially linearly with the
Brinell hardness of the steel. Recent work at Ballistic Research Labora-
tories and Firestone indicate that the relative penetration into mild
steel and homogeneous armor is alsq affected by standoff (2). The data
show that the homogeneous armor is more effective at the longer standoffs.
For convenience in measuring depth of penetratioi. targets are oten made
cf astacks of platen 1/2" - 3" in thickness. There does not seen to be
ary objection to this practice if the plates lie flat on each other.

For some purpose&, a better measure of liner performance is given
by the volume of the hole or its smallest diameter. For mc~t --arpse-
the.,best measure would probably be some factor which indicates the
ambdnt of damage dcn behind a given target plate by the residual jet
and spalled material from the back face of the plate. It has so far bben
diffir'tlt to define sucji a measure and more difficult to dete-ie it
from the test. in ri.L 11-, uilon ,,Li depth vu penstr-Ltdv _nt, mild
steel will be used as th- - -fur6 1:^ i" . performance, except where
stated otherwise.

2. Factors affeviting liner performance

ra ,-, c iarge liners have been made in a variety of shapes,
4ncluding hemisphares, spherical caps, cones, trumts and combinations.
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Cones have become almost standard, with hemispheres and rwupets
occasionally used for special purposes. The result-s given in this
chapter will be confined to simple cones except for some brief remarksI n Section F 3 on double angle cone iuid other unusual shapes. The
gross factors 4ffecting linyxe performance are the explosive charge,
which will be discussed in Chapter V the standoffs and the diameter,
angle, thickness, ar4 material of the cone. It is gsnerCely asuread
that a linear scaling relation exists for shaped charge performance
(Chapters II and VIII) and there 3- n c msierable amount of evidence
that a linear ralation is valid(3) Yor this reason, liner dinehatons in
this chapter will be given in tras of cone dimeteri - "ha 0idi
diameter of the base of t.a cone - and the dianeter of the con can be
elim imatd as a factor affectlng the 1inr pox-flumos, Details or linr
design which aftect liner performance include tapered wills, the base
flange and the presence of a spit-back tube. When a *pit back tube is
not used, the configuration of the apex - whether sharp or rounded -
seems to make little difference.

The effect of aucura-y of the liner wila be discussed in Beoionm
o and D o this Chapter. The effect of accuracy of the complete round
auembly w131 be discussed in Chapter IT.

3. .aforences

Where m Aiercal data my niven, reference@ to the sourie of the
data itre usually pr*vided. The references moat commonly used are coded
as follows I

WMO Division 8 references are to interim reports for the period
givn.

X. I. DuPont do Musoura and Go. - DuPont - references give the
date of the report.

Carnegie Institute of Tvahnolog reports are the Fulndamentals
of lhcped Magee" series, labeled CIT-C1D-No.

Firestoe Tire and Rubber Co. reports ae monthly progress roports,

labeled .7"0 No,

B. Nethodm oL XanWgao

Conem ak be mad. 'by a' o a zeubr if prwneeu. The moat comon
notheod used in the paxt are ipting, drawing, casting, machining from
bar stock, * eletroforming follm-d by uaahining.

. . .. ri 'IiinW "60-1ry da"-of ibsped charge work, wb the
usaz for ones were amain, they v.im made by autting a sector from
&eet netaUl ariA roeltng-i4 to the dos _ed shape, or by stpinnng, Such
mthods did not produce ver good ooneo and wrs soon abndoned. Howveer,
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it is reported that spun cones which caspare very favorably with drawn
cones can now be obtained. The poor performance of some of the early spun
cones can now be better understood in the light of recent work (4) which
shows Ixilt-in spin cauensation.

2 Drawdn When the demand for cones became sufficient to justify the
eost of d c i7 es were made by drawing and this is the method usually u
today for produetion quantities. Its advantage is Low cost. Its dis-
advantage is the relatively lower accuracy in the finished cone than can
be obtained by machining in those cases where ixtreme accuracy is required.
Since the accuraoy required is relative, it is sufficient for large cones
but may not be sufficient for small ones. This method is not usually
suitable for small quantities of a given design on account of the cost of
the dies.

3. Csti Various methods of casting have been used. For a metal
which sriInks when it freeses, casting by itself usually gives poor
acuracy. If a suitable metal, probably an alloy, which yields accurat/
and homogsneou* castings is found, casting may became an Important mathod
of manafactire for cones. It has been reported by Mr. 0. C. 'Throner,
fouery of the Naval Ordnance Test Station, that cones cat with Zamac 5,
a nine alloy, gve 6.2 co diaeters penetration in mild steel fargets,
which cares very favorably uith coper ccL... (5) Work on this type
of alloy is continuing at Firestone and at B.R.L.

4. Noeb1n For a few cones of very high accuracy or where the
cost per c= not of primary importance, machining from bar stock is
preferable to the methods mentioned above. Annealing the bar before
maciining may be desirable. There may be sae difficulty in the machin-
Ing near the @pW, especially on the inside. Because a cone is machined
it does not neessarily follow that it is accurately made; ,what is meant
im that accurate cones can be made by this method if the required care
Is m:craised.

5. Slcr la lectroformed cones are Oepoited on an accurately
made an accerate inner surface, If machined on the
outside, means mst be provided for accurately chucking, and checking, the
aandrel when it is put back in the lathe to inmxre 4hat the outride runs
true with the inside. Carnegie Institute of Technology has reported favpr-
able results with cones electroformed and peenedwthout mac'lIn ma (6).

r. Deirable Prorties of aL

Acide from the fact that a given method of manufacture iziay be suitable
for use with one material and not .suitable for another, the method of
manufacture affects the quality of the cone in two ways,*

The accuracy of the cone
Its metallurgical p roperties
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I. OeaetAcal Accuracy The .fmtic m of a shaped.charge jet
rm the iflpi "en critical prooss. ideally, the vallr of

th. cone collapar and iseet exact' w. "Ime ad Afthe cone, I al for
A reason, one side of the cone collapse* ab a fastuer rate than -t,
opposite sides tbgy will not vet on the ax.is This rrsUdts, generaI4,,
in a crooked jet and the point of contact of the jet wanders on the
surface of the target, giving itared penetratine Thus, it is very
impmrtant that sections of the cone perpendicular to it,. axdie.be tre
airelea with cenbers on the axis and that the walls be of urdorn thick-
noe =z'o'jnd a tIVc'&Ws~c. t4 d'eanty ofwh metal Is -Ltlio

reqAtred. onotom vwr.atlona in al thilknes alo,, a slant height
do not seem to be so rpo*nt. avinsiv along a slant height appears
to be an undezrable eharcteristeo. Tbis in discusbed in greater detail
In Seation D2. Axis) spoetry in the e9alosive charge and the assemby
will be dimuNsd In Ghapers IV and V.

2. Mj The msballurgtoal poprties ot the
UAWW de10 - od of mamfaowe as well in an the
mterial and heat treajnt. h metal' gLeal problem in diffLoult
to e aoeunt of the ez am y hijt pzeoae aid rates of
stmiuand te he e -s-emia, t of p2esti stisn. 1r these resue
it camot be aid tw., the w--pertJies of the jet an the as as the
*aerta iof the aem. hAe it ,nut be rm bered that the popewtiee

mwe thef ndW the bi "fr es and rates of strain
mmaemd above. Sa these mnay be my dLffaent fr m thse , prapertes
* ~ an erFnu m c onitieae is iphaiuled br the fact that glass come
RiVL pn AGN in conarets targets V'atr than ni.it be esated
Evi ? etaL gLea1" prierUes of glea. Mewvatheles, it has been
foed po wib; to t ame ae ry Interesting and isp ean oar0eeat os
lbsto piopeti of .the 3&nere prinlo 1 "o'"J o qetal sttweu and m t-
lmg V."# and bbavior or the et. o n of the met interesting features

to F4 bu'= !4-. . fatl tu certin oases# ue, Aawwtua
to an asual nna structure ich gve poo penetration in stati

1ACge (7).

TbAoY inctee that fW tho fast Moving PaWtiohn Of the jet the
penetration obtained Is prlo p oal to the length of jet and to the
mean root of the Jet danaidt-. (8) The assotion that the jet desil
Is t1e @ame as that of the cnelis about as good a casse as a, if the
jet is aL cantinums. onse On aooit of the velocity gradient the jet
length-a an it tra e e Tan strLong of the jet ocases it eventually
to bakup into a series of particles. Thus# if the jet did not break
up into particles, ito th ampt Increase inearly with tue n and to Its
penetration vm1i6 imm"as Uwar)' i4th tim and oons qastly, with stend-
off. Penetration standoff data sh-oW (9) that penetration increases with
tandoff -tca f.. .f petat.o.nt , .,"t e caespondin st-andoff.

* being called he Noptlam=0 standoff# figufe 1* Beyond the apt~mas standoff
the aveage petntioa decreasen ith standoff, *hile the best vauwt~J
bf penetration spprutzch an asy~totio value 9 The decrease in penetz -, 4. ci

* from the linear value to the asymptotic value may to &scribed to breakup
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o t e .ts while the decrease from the asymptotiq value to the average
value is d e to inn. eI s pread f w" ...... Thua -f r e ra± .............................
the jet should be capable of attaining a great length before br-!-..kng up.
The ability to do this will be affected by the metallurgical properties
of the jet. If eperiental penstrationa are adjusted for the effect of
density of the jet (con), the follcwing coMp&rieojn is obtained:

Copper 100%
Alumium 1.10%
steel75
Zinc
Lead50
Mass 140%

1ho above figures were obtained as follows. The best penetrations for
the different cone materials were divided by the square root of the Jet
(oos) d sM to got penetration for unit density. These penetrations
for izit density were then divided by the penetration for unit density
for copper and mltiplied by 100%. The figures were rounded off to 5%.
the best pentrations,regardless of standoff and coie thickness, were
sed. Ttw ERO and Liuront data were used since t jae covered the desired

rng of materials and the relative acuracy of the cones was approximately
the same Pen trations for the given metals were taln fron curves given
later in this Chapter. Penetrations for glass cones are given in the
DPOt reports for rebruwwy MaV, October and November, 1943, and those
dated 3 FebrLary 1943 and B& Septmber 1943. These figures are necessar-
iy roagh.. For most material except copper and steel the mber of tests
was sml and otimum conditioto of cone thickness, etc., were probably
n ootainede he tests were conducted during the war and the accuracy
of so of the conas was probably poor. Howevwer, one may ccnclude that

qoper and a3umiuam have metallurgical properties superior for shaped
rg coons while lead @-d glass have inferior properties. A desirable

material would have properties similar to copper and aluminum and a hi&
density.

D. &Teg mntal Results of Inaccuracies in the Liner

Two series of tests dexigned to determine tho effect of inaccuracies
in shaped charge liners wi be mentioned.

1. Tests by Ballistic Research Laboratories. (10) Two kinds of
cows vor. used in tse tests. those desionated 01 M9AI were M9Al
steal 0ynsno (45 0.03 ? tbiclu), out dm to 1" bass diameter and
loedd t !oitio 0-3 i, : carda tubes 1 1/4" x 0". The
Werso variation in wall t--kOns if those cones was 0.007" Rrcwxi a

.. oiW arimno a - *.0O1P xng a :s =ln height. The average penetration
in Mo2 ds~I J te ta v 3-i5 tnf matra
" " ted e:Ldsi WaLaW "Ola4 er of copper, electroforaed and

in~ toa h±~ d~p' e'fauracy (about * 0.0002"). Base dievietcr
0.C5O, thickwS O.00"'and apex o_.ne hP
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Due to the poor accuracy of the particular dram cones, the
aberrations described below were necoasarily large to prevvent their
effect being masked by statistical fluctuations. For this reason the
tests were not of much value in establishing tolerances. Their principal
interest is thought to lie in the effects on the jet as shown by the
radio graphs.

a. W For this series 1" M9Al cones were warped by flattening

vpposite,, es When the width of the coue between flat sides was reduced
to 15/6 the penetration dropped to 2 9/%6". Far a width of 7/8" the
penetration was 1 2/88.

be Variations in Wall Thickness For this series 1" M9AI cones
were to various depths on different parts of the surface. For
Figure 2 and 3 the thiimess was reduced to 0.020" over the shaded
portiono. For Figure 2 the penetration was negligible in each case.
Fda Figure 3-1 thi tion was 1.0 cone diameter; for Figure 3-3,
24 coe di~etar, ,P- rtFigures 4 and 5 the amount by which the wall
thiness wa rtftc~d is shown on the photographs. Penetrations wereas foflow8:

Amount Ground Out Penetration

0.001" 3.5 Cone Diametera
.002 3.25
.003 3.38
.005 1 914

.007 1.69.00M 1.75
:012 0.87

c. haflw Grooves The jet shown in Figure 6 was obtained from an
i1tr0o0000 haIVg 5 wide shallow rounded circumfereftial grooves

0.005" deep zach.med in the outer surface. It is thought that the thin
thread like portions O1 the jet came from the grooved portion of the cc-
and the Obeads" in the jet correspond to the lands between the grooves.
APpMtant the thin portion of the Jet is stretching great3y, while the
beads are not stretehing at all. Penetration of this jet was not obtained.
Thee tests seem to bear out the common assumption that variations in wall
thickness around a circumference, which disto axial syimetry are more
Important in causing decreased penetration tin variations along a slant
height, but the latter can became very important, especially at long
standoff. Since every effort is now being made to traprove pnetration

W- - -"-irem-t for ace. i!r-7 a slant height
should not be relaxed.

d. Um oWdes'-4M 1gCufrmwih h je hw I ± wab
obtied was MA rofrmedo A grooive 1/3211 wide and 0.0250 deep waa out
half ., around a cirm .erenc C%27.0" (approximately 1/4 of the height)
from the base. The deflection of the jet away from the thinned side-is
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DFFORMEu JETS FROM CONES WITH HAL.F

.CIRCUMFERENTIAL GROOVES

amII

Is

FIGURE 8

FIGURE 6 FIGURE 7
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easily esen. 10nuidering the length of the affeo tA portion oi the jet
in relation to tho width of' the Grcove, it would sem that the effect
of the groove is much greater than. Its vidth would Indicate.

Figure 8 shows results fram two 1" M9A1 cones. On each ome, a
groore 1/32' wide nd 0.0180 deep was (ut hal, way around a elrcuter-
once. ?or Figure 8-1 the ftovm waks 2/3 of the haie~t from the base;
tr Figure 8.2, 1/3 of th height from the baue, The groove ean be

M-. __ ~ &I...~ *1-&% - 4.3_- I. ^ ^ . 4 441kM 0 *4 A.&m .& fte~..
"= %0& MA . W 161V 4W 'J& %MZW .MA.W a 1 UAW, * ~b V -1V _ V W

the fi uve, T1e offa-t of tha groove w. the jet is easily g In
FMpme 6-2 and in severe. The effect a the jet In Figure 81 Is hard
to see, since It is at the very tip of the jet. From these xiopPhe
(F eu e 5 and 8) aon mn-aumin that the apex erA of the cane produas
verylittle jets Xn Figure 82, the jet frim 2/3 of the aone atthe

e md " not an long as that from 2/3 of the cone at the bas. end.
Ci s remit is in aeemont with the gerallsed Theory of Jet Formation
(I). Am a resmlt of lhia, Imrteatins near the bass of the acne
ait t a pestr length of jet than those nar the ape wid so are more
liw*ant in deerevasin penetration. This fact is u4)hr iled by the
remita of the ftft Coqm work described in the nmt @ection-&

2. Sogb e b ggM ggM (12) Ini twets made In
emne.1oi vm -Pn a"I~o orto 0amHEAT raomd TIOC# the Budd

Ca*W soe" st dard linrs maa)4=4 to gIve oontrllead inaccuracies.
%I atw i 11:W m of capper, about 1? 3/I " mel bae dzA_*,
06" thske1 Q. The variatioa in vall thokess was of the oader

of 0.001. both elroimf ntialy and longitudinaly. For o soriess,
a cirort e eital variatio of about 0*.000" was machinud an the outpr
smirfe; for arother series, mxim variations of 0.0100 (.0064-0.026")
wer* mahhin G t o outer surf ae. The variation was awr near the

asse and a maxam rear tho junctim of the cone and spit back tub*, so
t*at It wax both eiromferentiul and 1onltudinal. A ,tlatLd series ims
mchined m the outer surface to give four 0.0100 wer. asismlating: the,
surface resultIAp fran drawing eperatio:ua. Other serise with cAntri-
cities in the spit back tube ware also insde. The targots consested
of 90 of green armor, followed by .lld uteeJ., at 6w (2,2 cone dimmters)
standoff. Rsm1uts ware a follows.

20 33,2N 0.92" Control
10 13.1" i.46" 0.0100 longitudinal

Tnriation
10 10.8" 0. N" 0.0050" Ctr'cmfe'nti-l

va iation
9 10.1" 0.91N 0.010" Wavy wall
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Ink Conclusaion, one Oe~i sad 1,hat, Zor raxirum pezitration Zrwi
simple cones the axial apnmetry of the 3Jnrer tenuiJd Ibe an nearly PerlaotI
as can be obtained etipecial3lr near tho baae of the cons, Deviationsa
front axial waixitr 'not on!,- reduce penetration,, but,, imi a lot iwith
randox dtviations, tj ran emaU average dOV±*tions may resul~t -1i ;. lArge
disfporsion. Variations in wall thicknes* along a slant height are also
Important, but thair effect Is not as serious am those around a cirimm-
ferenoe. Ush requizement of axial symmtry oxtz'AsI uliou to tho -xplosive
chArgo and the amu'mbly as well as to the cns.

As a wenult of general observation a&M of teat#. oiii ar to those
described In Sesation D2, tolerances on con dim~enuions have been reom~-
mended for some doraIgna. This does not Imply that there exists a ic~er-
anvi withir which the ome perforns proper]7y and beyond which it doe is
=t, p."rfoim pzoperlya AiW deviation of the cone fron- iavia 'I r-atry will
in the long~ irn, result in a depadation :W performance, ethr In avrsq
perArtion or wari-Ability, or, both, 14csmwer, it mst be reminborad thr/b

sztaqm accuratV In co-.w nonufacture is very expensiv6. The, tolarainos
a&tlwed must b* a cow~ramise "between the desire fo Tnt tpeprfim.rnence f~rom
the round end what one is willing to pay for it.

Fchw the 90m. TIN8 rvwd mntioned in the previous Bootion the follow-
ing,44dleranoeis we re ecoumv in the Abordoern P-riving Oround r~micrandom

0.0010 Kazinm wall variation in transverse plane
0,,0056 Maximm aiiell variation in lougtudirma plans
0.003u Kazx= wavinemn

Thea. werv simple copper onn, 45 pex mng~mo, 2 3/40~ dimueter, 0.062"
wall thickrueus.

Reoomnded tolesrance.s for wall thiMkauise of the blank for 5 and
105= am*& (fluted cones, rotated) are given on Page W, C~hapter VITT.
The 5um liners are about 1 11/164 diamieters 0,05,4 thick~iesal the 105mi~.
3 1/liN diinete#V 0.100" thi-,knessi, Theme tolerances seem a little more

1-'b-n"1 "'-~r tho od 1oA- te 70MO 5-inu the latter were determine4
fr %N= lringza wlithi frzccuracios of 0.00414 - 0.00#5" in vaU %-hckoesoa it

rlvtbe poselb1a to brAng the 90ma tolerancoa UA line with Vie 57Mm aid .
i0xii. oeneral gbuervations of riscellaneous tests ndice-ta Uhat, for
3/li diaoUr J&5- aleotrofrmed om~e, variation in wai2. thickness should4
ba 'roaft thi 0.001.0 for 0.025" thick coxnki #!A no~t ro than 0.0002" for

~ ~,~4~t ~e tula1rnmces on wi'11 thicko soa to t~~ n *

O.fl0 (I~ljair,3 H1-n.6r, this5 may be due to the care with id-i~c. thi1n cams

0
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become out of round due to handlin.. It was found that p=,rticular care
must be taken wiwi 0.011,-" cones to prevent this. The writer has seen
no discussion about. whef.ho- large diametcr cones reqiii- emaller percent
tolerances than small diameter concn, t-h..g th.z qua6-Ulue i IIiLs con-
sideration.

F. The Effect of Design Parameters on Penetration

The effect of standoff, cone thickness and cone angle will be
presAntAd in the fom.". of grAphs. These curves aLU base on data
published by various groups of investigators working at different places
and different times. eUndr these conditions, differences in results are
to be expected. It is to be remembered that cones available in *he early
days of shaped charge investigation were of r--n.!,-ly poor manufacture.
An the importance of accuracy became known and methods of manuiacture
improved, the quality of cones improved and this resulted -in increased
average penetrations and smaller disperslons, especially at the longer
standoffs.

This subject is moat readily divided into early work and recent wcrk.
Where cyclutol and pentolite are quoted as the explosive, the usual com-
positions, 60/40 RDX/TNT fur cyclotol and 50/50 PETN/TNT for pentolite,
were used, ,,nless ntharij" stated.

1. Eary work with simple coned - Figure 9 shows ponetration of
steel cones into mId ste ei tigot or 3'0° cone angle and various cone
thicknesses. This work was done in the early part of the war and the
quality of the cones was probably not too good. 0onea were, generally,
1 5/8" diameter, cast in 1 5/8" uncofined prnf, o1.A . arompt nf' h"-5"
lenLh an n fired statically at zero obliquity. Bach point was the average
of 5 hhots except where shown on tb- graph. Curves were drawn by eye,
with aee attempt made to knep all curves of one family of the same gem ral.
form. For most of this work, the di.sperion, especially at long standoffs,
was large*

The general characteristic of penetration-standoff curves for cones
of early marnfacture is a maximui penetration at a small optimum standoff,
the penetration decreasing sharply for larger standoffsa, The optimum
standoff increases eith the cone angle.

Stiiilar curves can be plotted fcr larger angle cones from the data
given in the NDRO Div. 8 interim reports and the DuPont reports.

From these aata, the maximum penetration for ary standoff is plotted
in Figure 10 for the different cone angles. Figure 11 shows the optimum
standoff and thickness as a function of the cone angLc. Since steel is
not regarded favorably as a liner material, thfs data is of limited use-
fulnees, but -avial shortages in an all out war may force the use of
steel again. , data do show that standoff, cone thicknoss, aivl cone
angle are inter-related and that if my of these -is changed it may be
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necessary to chnpc the others for best reIrult3. As an uxapp-e, a cm-
parison of cones of different angle may not be unbiased unlesrs the thick-
ness is also changed.

Figures 12 and 13 show penetration as a function of sttr-zdoff for
450 copper cones, Here there is a distinct difference betwoetn the two
sets of data at the longer standoff*.. The reason for this dLference
is not knowt positively but it is probebly due to a difference in quality
of the cones, since recent work with ccmes of high accuracy t4nd to

FiVrs 14 ad 15 give the results for aluminum cones. They show
tho oaracteristic property of aluminuv, the fact that pener'ition holds
up well at long standoff. Due to its low density one mkight prAot that
aluminm liners should be thick as compared to steel or copper, but
Figure 14 does not show any advantage for the thicker linero.

Figures 16 and 17 show the per:xormance f zinc and lead cones,
neither of which are at present of loonsiderable Importance. However,
as mentionel previuslys the Naval Ordnance Test Station ho recently
reported, Ud'ormally, e xcellent results fr a castable Aut L.qy,

2, Decent work vith aimle cones Figures 18-21 show penetration
am a Ainction of standoff for cqpper, steal and al~uinum cqnes of a
capstant thickness for cone anglriu o" 22% 44. 66%an "881,. The
tendency of a.umin n to maint4in its penstration with increaming standoff
in evident$ as is also the tenency for optimum standoff to Increase with
cone angle. These curves do not necessarily showi ptimum 'wulta as the
tholsmess may not be the best for some angles.

Figures 22-24 show results obtained under conditions wx3 II^6rer nt
from those for the previous data. These charleu were fied :b shell bodies
or cases olosely simulating shell bodies. Thus, the explo1."e chari wa
short, in cemparison with its diameter, and fairly heavily ceonflned. The
accuracy of the cones was very gocd. Figure 22 ohows a vexy good pet.-
tration, "faixly flat penetration-standoff curve, and a lon4 tAtm= stand-
rIff. Fiuno 23 shows an optimum cone thicness of 3%, which is somewhat
heavier than that for unoonfined charges. Ilis is in agrement with the
general observation that, if the charge diameter is increaec or the
charge is confined, the thinnmess of the cone shwJAl be Inc*rakeI for
optimum penetration (13). Figure 24 gives the results of -a-xying te
cone angle under different conditions of constant explosivo 2oading.
The reasults are, thereforeo niot of general appli.cation. A penetration
standoff curve obtained from firings at the Bailistio ReseArch L"boratories
is given in Figure 25. Thpse were drami 0,Omm cones c- good. accurac-
cfncd in shell cases and fired ngainst mild steel targets, Pe".-
trations i _,re unumially good and heid up w'l at long staniiff,

Figures 26-28 give the results of recent firings at the* Balliqtie
Research Laboratories and not yet reported. These were amnl l cones,
0,750" Inside diameter, of electroformed copper machined oA the out-
side to about 0" tolerance. They ware fired in uncnfimed pentolite
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charges whose diameter was 20% greater than the cone diameter, and of a
sufficient length (2 cone height:- abo-e the apex) to insure hhat pena-
tration was not restricted Iby short charge length. The cone thickness
was much greater tha n thrL usua.Ay used. Figure 26 gi ves penetratior
aa a rjtin of standoff for 30 cones. Similar curves were obtained
for 20 , 46 , and 60 cones. The resulte of most interest are those for
the small angle cones, which gave excellent penetration and a large
opt4Lmum standoff. This is at variance with pi-evious results for steel
cones of smaller wall Wiiukimss "d -with charps the sa w4 dia-vmet-r As
the coe, for which both optimum standoff and madmzm penetration
d us.a6 with cone angle (Comipare Figs. 10 and 13 with Figs. 27 and 28),
Haevir, Figure 9 does show the penetration increasing with cone thick-
ness even up to the maximum thickness fired. 1iure 27 shows that the
cone thickness is not critical for 460 cones but this is not true for
Ot.ar anglum especially 200 cones. Figure 2A shows madmiunm penetration
as a function of cone an~ele. IT. is thought that the differences in
optiymcm standoff gl.ven are not of 4ny signiM.cance, since no definrte
trend is shown a,,d the psnetration standoff curven are fairly flat. The
optiwum thickness for 46 seems m misfit. It is possible that t trend
in thickness might be shown if intermdlate thiclaessms between 0.033
and 0.066 had been used.

3. imetallio cqqea and non-uical eha a The term "biir-tallin
cone "w be applied to cone consistng of an inner layer oT one
metal with an vutor layer of another metal. It floes riot itiolude mnes
the apex end of which is of ne metal, the base end being of another
metal. In most cases the Owposite cone consists of two separated
cones itested in intimate contact. However, in the case of ooppor clad
steel, the two metals are bonled together# The following penetrations
into mild steel t"rgets by 450 cones 1.63" diameter are reported. For
comparison, results from single metal cones as reported elsewhere in
this Chapter, are g.ven in e&,ch case.

Cone ThIckno:s

W Outwde Center I nstde Total Standoff Penetation Reference

St. 0,017m -- A! o,oo" .035 C.D. 7.4 C.D. 2 ., C.D. ow. Div 8 12/15/43
Aluminum .036 7.tj 2,6

. t, .036" Al 0,036" .044 5 3.5 Vu Pont 9/18/13
Alkuiniu .036 2.5 2.9

*St. ,018" Cu .012" .018 0.9 h.O Du Pont 215/45 and

,*Cu. .005k' St..-018%Oa .018% .025 1.0 h'o
Copper .02h 1.0 4.3

**CU. .010" St. .029"Cu .025" .031 1.2 4.3 Du Pont O/105
Vopper .031 12 h6

St. 0360 Cu .036" .04 2.5 47 Da Pont 9/18/43
C3U .O1 . 5.0St. .018h cd .00" o15 9 3,0 h Pont 8, 9/43

Steel .0l5 .3 3.5

**Copper Clad, 2.07" diao
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Non-conical shapes include hemispheres and spherical , truipats,
and combinatione.

Radlograpba indicate that hemispheres do not oollapse, with the
formation oA" a jet, as do cones; they turn inside out before cullapsIng,
the itole liner being projected as a stream of particles. Spherical
caps (segments) are fragmented and projected as a cluster of particles
which may be more or leas focused# depending on the curvature. The

following dta have been reported for hemispheress
Conline-

Mate. "e Dia. Thickress Standoff Penet. men& Reference
-~ii -mmm -, - - r:- J

Brass 2.375" 0.021 Dia. 2. D 1.0 D 3" OD ft. NMIC Div 8,6/15/44
Steel 1.37" .033 D .4 D 2.9 D **ARD/EI. 172/43

o052 D 9 D 1.9 D
1.63" .020 D 3.j D 3.1 D 2" OD St. ORD 553

1.88" .027 D 4.3 D 2.6 D 2" OD 3t.
*2.38" .021 D 3.8 D 2.9 D 3" OD S31. MDC Div 8,7/15/44
2.38" .026 D 3.8 D 3.0 D 3" OD St.

Cu 16 " .o1 D 3.7 D 2,0 D C[T-ORP-16
1.,, ,,097 D 4.3 D 3.1 D j" OD 13.. OartD q98

1.88" .027 D 3.2 D 3.2 D 27" OD St. NDRU Div 8,6/1 /4
Al 1.38" .o56 D 9 D 1.6 D ARD/Exp1 172/43

.05 8D 18 D 1.5 D
Cd 1,3860 .03 D 9 0 1.7 D ALV/I 172/43

.0 49 D 18 D 0.8 D

* With Spitback tube
0* British Report

-%ome work nas wz done with spherical segments aspeoially by the
Ylritish. The rsmultm wera, aenerally, poorr t.-n thL=a from h ,,, .

The following results have been obtained fcr' +-_iTetst

too~g~ Stando"i Panct. Sh ap Roforonco

Fe 1.63" .021 D 1.2 D 2.6 D tarv IV NDRO 1.ALv 8. t/15/43
20 to 1202.5 D :.4 D

1.90" .032 D 11 D 3-7 D Hit 1.81" Rad. OSRD 55982.85"
,% 1.63" ,031 D 2.5 D 2.9 Rad. 1.50" 3/8" Dia. CIT-ORD-R3

3.7 D 3 7 D 2,50" flat

5.2 D 5,? D 3.0" apex

1.63 " .031 D 1.2 D 4.0 D , OSRD 5508
3.40" .028 ) 2,1 D 4.9 D* Rad. 4.8" - Dia 13RL
Poin intiaion6.4 D** Rounded apex unpulsh-ld

* Point initiation Electroformed liners of ubted l qua y.
Popherai initiation l pof s ar 45 cones was 5.1 Din

8_2

CON FYDENTXAL



CONFIDENTIAL

Interest in double angle cloniv hak been revived recently, due
Uargely to certain advantages shown for lUe French 73UM round, Sarly
firings ot double angle rones, in uhioh the change from one angle to
the other wins wda abruptl.y$ t-d not show any increase in penetration
for the double angle (14). Tn the French 73im round, the change fro
one angle to the other was zmade mioothL-r and the liner waU, was tapered.
This round gave peak perzormince at no-avally available standoffs. T5)

An almost tnfinit4 vmit-of is oa luSusd YuWyletm
coverage would be too lengthy feur this Chapter, espeo&Ual since,
geney'aly speaking, the penetrations aohioved from them are inferior to
thoae frA cones. The following references are suggesteds

Oauhinationu of coms, hmad heres, and cyfr4arva

DuPont, 18 September 1943
aXT-ORD-16

OTIB n1.6a (Trenslation of 0erman Report)
OrDw 5C:

BRL 848
Helmet and battle shapes (Germun Work)

OTIB 1418

* OTIB 1l)49
H0 287

Go The Sffeit of t g -LAo e !o

1. !& wll The British suggest. (16) that,, wino the thiak-
ness of iiner should coale an the diameter, a ca1m would logically
be thicker at the inse than at the apex. Ibim Adea hu been ibf owed
ap by several &roupe o: investigators. Only a few results will be
mentioaned.

CONFIDENTIAL
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a4opox'to ' yNN(c, Div. 8

Thilcess at Baca ThlckmesBs at Apex S. 0. Penetration

C. D. C. D. c.1D. C, D.
0.006 0.025 1.2 2,6 11-15-143

• 025 .006 1.2 2.9

.. i)0 i.h 26
.017 .029 1.4 3.0 5-15-44
.027 .043 1.4 2.5

.018 uniform 1.4 3.4 from

.022 unlft 1.4 2.5 Ke. 11

go, Copper Cones

Aav2Ljg kZ Firstn
.037* .0270 2.2 5.6 FT F 21 '

.029 un0or, 5.2

Mhikanees maaured at referonce points 1,0114 C. D. and 0.84 C. D,, from bass.

450 cz, Cones

.ThLkuss . Baue Thiokness_ At Ax S. O. Penetration'r

.030 .020 3.0 5.70 **
,o3o uni form 3,0 5.37 CIT-OD-46
.0#7 .029 3.7 5.53

.037 Uniform 3.7 5.85

•023 ui ..form 37 4.75

Double Taper 3.0 3.07
,031 uniform 3.0,

V*KM-.chned from drawn i:ners,,

84
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I I

In genor3a., it doo3 not eoam .ikely tbtn" any very nppv.ciable
improvement in performance carA be obtained by tho uah of tapered wall
ocness within the range of the abuov data, Io~v r, it la poni3hb, thRt,
if tho right combination of thickness and tapr own be fond, i'proved
re aLlts mAy be obtatned.

2. Wires and cthep obstructions within the cavity -t vory large number
of tests have been conduoted to End tge effect of wires, wils, ,iii.ulatod
firing pine, ae. placed with"n the caivity of the cone or on the axis in
front of the omeo. Vaotilcoaly all of theae itema waeri in conn"tion
with fusing. All such obstruotions almost invariably cause very seriowu
iairmirwnt of the pentration, often as i ch as 50%. Details will not
be given here, but those interested may refer to NDRC Div. 8 Interim
reports 35 February 1944, and 15 February 114, DOPont reports for
April and May 1943, Firestone Roports No. 16 and 19, and O&RD 5599.

3. Fl*zffi The effect of the base flange of the ocone on the Jet
forQ&1 in-is scmewhat curious. The DVPont workers report&d (17) the

follving data for 9AI .tl cones 45u, 1.631 bkse diameter, flaxge
2.0" divater, unconfineds

Dig offlsv Pemrati*on in S A"- 10 8.0O. No. Rd.

1.630 5.45" 4
1.7 5.70

14-50 5
2.0 4.00 5

An the diamter of the explosive in inoreasd beykd the cone diRatetr,
there Is a ULgiht izreaim in penstration falloed b7 a deoea, N6
Div. 8 (18) followed thin up, with the follasn results M9AI steel
oom un oanfined at 2' B.0.gntration In rd.ld steel targets.

111.01alogive With Wigthout I~n
1,63' 5-39"
1.75 6,,o6 5.49,

2.00 4.30 5.34

For 1 3/4 dlamoeter charges in 1 3/4 x 2' stOeeL tubing:

Vith.>ut 5.33"

For 1. 3/4L diameter uharges in 1 3/40 x 2 1/4" steel tubing:
With fianges 4.33"

W COthouN eIA
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'irestone reported 2 series of tists as Follows. (19)

Explusive backed flange lO.5" Penetraltion
No e1losive on flange 1,.80h Pen-_tration
Hxplosive backed flange 8.50 Penetration
No expiosive on flange 16.21 Penetration

These were for heavily confined charges.

Recently, Carnegie Institute of Technology has reported the
.3loings (20)

M9A1 steel cowes, penetration Lado mild steel targeta, 4" standoff.

Not confined Cof ned. 1/ " steel

Dia. E v1ai With Fl.m itou Flaice it Flan eWithout 1ac

1 5/81 '5.9 5.4 6.6 6.5

2 6.4 6.7 5,5 6.4. 4  3.6.6

Zue M!iT dkt4. are in partial diaagreemsnt with those fronm DuPont
and MDRC., The figures for the wiconfind ehargeal wl th fLngs,
suggest that the disagreement may be due to the o ange n standoff.

The MTY explanation of the fMAng effect is briliy as followns

The velocitiee and the volocity gradiento along a jet are quite
sensitive to the times of arrival of the release wave at the liner.
Since tMh release wave is initiated at the charge, boundAry, any change
in the emwtry will conesaquently cau. a clh!ns in tU velocity and in
the voluoity gradient. With the larger ;iameter ol"irg, which has an
explosive belt, the major portion of the release wave ism initiated on
the lateral surfac , but a small portion is ini.ated along the base
of the aplosive rAioulder during the later stages of the aorn collapse
jr,oeesse This small portion of the rilease wave produces a greater
gradient in the velocities of the rewe elements cif the jert which
contain a largv fraction of the Jet mass. 'o bo of benefit, the
magnitude oX tlas gradient hahuld be neither too great nor too small.
If it is too Uarge, this portion --f the jet will break up quite rapidly
and become inaffective. If it is too sma2L, propor lengthening will not
be achieved for efficient penetration. This, in essence, explains tha
observed optimun charge diamter for a liner of glvu.n base dimension.

C-n-" '-r tho 2" diameter charges, completsJy unconfined. As
explained above,, most of the release wave has been initiated along the
sj de of the oahrge. The part of the wave or.ginating from the b&-e
affects only a mall portion of the cone, thus, the short delay caused
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by tie confining action of the thin flango is a '--cond order effect and
can be neglected,, a-i the penetr~tion dopthr A~n.~~. !~ L teel
tubing is used an lateral con fliement, the shook condition cuire altered,,
in that tha release waire Zrom the :lateral surface Is delayed considerably.
Under those conditions, the' position oV tho ral~caso wave propagating from
the base of the charge affects a greater portion of the liner and plays
a more important role. The sl.ight delaying antion caused by the base
flange in enough to increase-the magnitude of the velocity gradient at
the rear of the jot to the point where break-up begins to occur. The
effandv.. longth of' the jet4 --q Il hr o- pw-tr "a ag

without te flange than for the charge witli the flange, The obeerved
penetrations show that this is the case. Withi the charges having the
heavy base confinement but no lateral confinement, the effect will be to
nearly, eliminate the initiation of a release wave from the charge base.
The consequence will. be very little gradient In the velocities of the
rear elements of the jet, which will lead to a ihorter jet and 3e as
penw'etaion. W&en bothi lateral and heavy base confinement are intro-

duced1 we alter the shiook conditions so that there is the combined effect
of an increase in' the inimlse available on the liner and the absence of
a&W release wave Initiated froem the base of the charge. This results
in a still short e 7t. The penetration dAta substantate this& BRL
C6 Lo a r'adogr~phic study of the offect of an'i flanges, %sw a foll.ow
up to the INfiC penetration study, Whoin the dianotar nf the exvPlo!Ave is
the umoo an that of the base of the enna. (See R~g. 29) The r~adiographs
tho that, near the end of the collapso procefsa, the cone proper pv'llu
loom from the flange ;it t point near the base. The flange ring appears
to remain atatJOflar while JPit and olug move forward through the ring.,
Whan the flango in backed by explosive to half (Sao Fig. 30) or all of
iiu iddth, the portion of the Mlingor jio Lac.kod is projectod lorward ats
a cylinder of ±'rApcnts, convorgiiii ta,4ard tho axis at its front end.
rhiere hato boon name o ndency in the past to intaorprot. tht.ao radLog-raphs
&is indioating that the rloud of frsI(;,-ients Intorniptid the jet@ 2hat A
taLrget so nebulous an the cloud of fratrcnts cioold interrupt the jot
eems srmwwhat i irdibic. The 0111Y tIL111 a~ sh aiga h ow is that
wheni the fDAngo is backed by explosive. the Jot either ts interrupted
or is very short, And when the flange is not backcd by, axpqoLosivo, the
jet is normal. iJo evidence mubatantiating any exp3lat"on in Cqven by
tho Adl dogVrithO

4. U c fWtbc tube.,,, ror some 'ypis c'fui, a anall tube
caldasi-aktbI t.co to tho apeac end of' the~ cone,
exte~ndinig away from the cavity. The portion of tho apex inside the
_gpit,-back tuba i, removed. ior M9AI' stc4ol conos in unconfined charges,
the presenge of the spit-back tube caused littlo change in poneteation
or a slight defcasemq. (?9i) iPnr cqnpper 31nern in, confi'nedchic,
there was no chan,-e or an incr.;ase up to 2O.,' ('22).s

5. Effect of ar.nalin-g liuut- of' iLt.-st h o rinc tlie cf~ct-1 of
ann2 Mr-,ianao7 ' rdeni ng stoo3. mranne! (23) show thiat the perictration
from drawn HNA1 cones Is not ;changed by annealing but that it bocolmes
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progozsively lasti au ino havrdnLc- i iaeraed. Oruwn -oppcr concs (24)
sh,A no chanrig wth annealing. Auoula ,at tho 1;a]:Li:isic ,esiarch V bora-
t"ries show that east beryllum ocppor conos, whose norrril pionotration
was low, were improved by annoaling; eloctrofoxriod oppev cones wero not
affected by asneaing, exropt that, when the annealing temperature waa
increased to D100 , the cfnes blistered on thi innor r4,-£aco, with a
decrease in penetration; and that cones made by a shear forming process,
which worked the metal s3 severely that its struct.uro was impaired, were
improved by annoalin, . A complete and in s.6 4-',n- discussion of the
effects of annealing on copper cones aro cont;Litid in a BliL report (29).

These results may be summarized as followst

Annealing, if not carried to high ttumpuratures, is neither harmiul
nor beneficiai unless the metallurLcal condition of the liner is very
poor*

If the metallurgical condition of the liner in very poor, annualIng

is beneficial.

Hardening of steel liners is detrimental.

H. Jet -Vlocil.!

1. I, al veloolty The velocltv of the head of the jet is usue.ly
obtained fmtreakcamera records. What Uie camera actually photographs
in the luminaus shock in air associatod %,itW hu head of the jet. Often
the head of the jet is ill-defined in that it is surrounded by a shroud,
the exact nature and cause of which is not completely understoods
Initial velocities are apt to havu a large dispersion.

Figure ..11 ,hows the variation of jet volmcity with cona thicknessfor 4°oand for 800 steel cones. Some data are avaiable for 60° , 100

and 120 canes, the results being similar to those shown. Figure 32
shown the variation with cone angle for 0.O201 thickness and for 0.037"
thicknaess. All ruunds were 1.6311 diamunter, caot in pentolite charges,
unconfined. Tn dvuring the curves, the points for 100 were ignored,
It should also be mentioned that, for some of the data, it was necessary
to infer the thickness from the weights given and this may box" intro-
duced small errors in some of the points.

Figures 33 and 34 ar from unpublished data rrcently released by
Caunegie Institute of Technolo,.y for cones of steel, copper and aluidnui.
These data, ospecially for copper and aluminum, are a valuable addition
to omr knowledge of jet characteristics.
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The following milscel nous data arc avwilabl,.

Cone Jet VolI No.
Material Ma. Angle Tlhlk. cTposive MM/PW~c,, Rounds Reference

Al 1.63 450 0.O)16" Pent 8.39 8 NnRC Jul, 1-Aug.
15 1943

Ch 1.63 45 09029K Pent 7.39 3 sw
Pb 1.5 45' 0.037" Cyclotol 8.50 5 Aug 15 - Sop U

19142
Pb 1.5 80°  0.037" Cyclotol 5.82 4 Same

Pb 1.5 1200 0,037* Qolotol 4.85 14 aaWO

There~ to also in in'rgtAng lost of data on 3/8"1 diameter cone* of
carger al alunimn, .". 6 and 80 anglu, in NMI Div. 8, 15 Fwbruary -

1% JwM1 191. Theme wover tooted for use in apit-baoaI ftnic.

allodZ r dant The velo.ityr gradient of a jet ip the rate
of o veom ct ity-a respect to 3eng,. Sinoe the length is chanR-mng with time, the tradient rst be given for some u Oifed tim, or

dieneo, id&.aly, the detemination of the gradient vo1d be made by
miusing the velocity and position of a seriel coZ points in the jet at
the dissilod time. For parttols eta approzimate r~oults can be obtainod

,m sueuoosuive ftlah radiographs. or solid jets results can not be
obtained by the asual miehod of instrumentation Available tt tho presont
tim, By flirg jets through targets " diof fferent thiaicmeases or
through spaced ,argots , the length and the velocity of the tip and tail
of mucoeu-Ai elements of the 'e;lt ,an be obtained Thuas the man
p'aeft of the" 01ants -3an bo detarr-ineid, but each gradient is for
a di.farent tim (the time At i44.ah the tip of the element ontacted the
target). To adjust the gruadients of all elements to the same timel, ib
Is neoossary to make some awqption about the vrIation of tho velocity
with timoe It in usually asumld that the velc.ity of any point in the
jet i0 c(Alsjtmt in Linm an IU-L had l66en done *L,, o0,utln i the ra-i"nts
given beW w. Th validIty o:[ this asumution -.;iII be discusued later
1.-. thiecti

A an ez&Un Fhru . 35 shaas the results of firing tho jet fron
a 46o coeder lons 0.750" diatiter and 0.025" thick through , spaced
ur-ets. The figume !a plea. of jet velocity v3 position or distance

frao the base of the cone ror the 5 ofmunts of Jet wiped o:f by the
5 targets. The mean gradient for anr eskrent in the slmp of the
otri&.ht 41,na ahon and is determined for the tim. shon on the plot,
time being measured from the instant the tip of 'e ii.21 . .passed
the base nf the cone. As Tmentioned above, the calculations are based on
Vie asaumption that the velocity of an point in the jet is constant.
I the ourve- arm extrapolated to the horizontal axis the points A, B,
O, vhi-ch the CIT wi-iters haw called the origin of the Jet, aro

CONF'ERW[Lci27.
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For the 5 elements shown, tho oordinates fi tU'e origins wore -0.41,
-0.50, +2.89 and +541. cm., tl.. it'st 3 values'; bong e'isentially the

samn. It "ollows from simple cinsido..tions that the location of
the origin for any element Is independent of the time at .Aich I' ."
length is measured, so thatp iU one point, 3ay the tip of the leading
element, is determined for n time., te curve for the first 3 elements
can be drawn by pasing it. (extended) through the origin Al as shown
in Figure 36; t4e parts of the curve for the 4th and 5th elements are
then -dded, pausing throu& 11 and C respectively.

t1guve 36 shows tho plots for 3 different timest 100 jLsec, which
was ohosen arbitrarily; 41.68 1&aec., the time at which the last element
was meas-ed; and 21.39 jsec., the time at which the mrd element was
meaevred. It is seen that.l as the time Increases, the 1I1ne tends to
becoie strait., Po that tho ,radient tendl to becmne linear with in-
creasing time, If the gradient at any time t is V,1,, then the gradient

at any later time t + A~ In giveii by V g(t + A)-11vF anid, if
A becomes large compared with 4.- , the livtter term can be nealocted

gt 1
and the rradieat beomee essentially

The length of tt.e Jet, Figur. 3_is V5 For a striltl.y Une.,'
radient the langth would have to be- ,, The distance M (or mA) my be

taken a a meaure of the non-linearity of the gradient, Peranthj e-
Will IMs .wcei'eb a with the time but its absoluto vanun in indopandont
of time. Strictly speaking, the condition that a gradient benome )lrmu'
at some later tim is thait It be li.nnar to start with, and he conditfjoai
that the nwnerical value of the gradient be 1/t is that the origin of thio
J4. lie at the origin of coorrinates,

M.mt of the work on velocity gradients was done by Carnegie Instl-
tuL. ot Technolor, (,25) V'~ure 37 (26) is a plot showine the ivesults
of a lkrge number of i'iringn of M9A1 steel cones report(d in HDRC Div. 8
asmary reports. However, the time of 100 noc. was chosen merely for
convenieivA n calculation and it mnst not be assumed that the Jets
remain eoitinuous for this lonfgth of time, It is seon that the grqadient
is the same for ,nyciotol or Comnp R and pentolite, and is independent of
the target material used. The folloving values of the velocity gradient
cmputed for a time of 100 "oc. after the tip of the Jet reached the base
of the cone., have been obtained.
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4 ._el a I .K Aad(lo Thick Gradient Hei-erenoEI

Steel 1 5/0" 1200 1,02211 0.0111 see. NDRC Dvy, 8, 5 June 1943
sts1 i 5/8 45 .025 .0102 MP-ORD-3
Steel 1 5/8 45 .037 .0097 CIT-ORD-9
Copper 1 5/8 45 .037 .0112 OT-ORD-6

MApWiW 3/4 46 .050 o0107 Bt Data
st:el 3/4 h6 o0 ,0106 Same
COPPer 3/4 46 .o fo .0104 Same

Ccv ~ 3 20 44rinsm
3/4 30 1 .,; .0099 Same

CoMe 3/4 46 .02; .0103 saw
Coper 3/4 60 .025 .0103 sa

Cepy' 3 4 6 ..015 102 a
Copir 3/4 46 .075 .0104 So*
Cower 3 46 .11O 0100 Sa

When plotted the daia smuariud above gave ersu tiall .y etraibt.
±neu except that when veloatties below about 0.3 m mo were

obtained the ouwve usually dipped toward the horizontal axis as shown
in P .lure 6. It should also be noted that. thi total length of jet
ram ; be obtained from Whe plot oincu the tail elmeints may be too
lw in vel, oty to penetrate the target or to regimrr n tho .'_m.

That tho Vad±.nt ;hould be Ui± ar If the obserw*tons on each
0~4mait of thre jet are made after the itlamont hAs trkz led for a
muf vilnt time, follow from le mentary ocnidarationsa A 'nifom
gradient implsoo a uniform tensile strain %ith uform treaume in
t'he ,v1*M d a non-uniform strain would sot up non-uniform stresses
w oh vould alter the velocitioe in such A way as to make the strain
and s,dient uniform.

For the data given above, tbhv ortin wm' cionc to the baee of the
oone in each case and the gradient was practically the name for the
rage of oite materials, angles and tliknesses oovored by the dat4t.
If thU wocity of the tail of the jet can be icreased, the tip
velocity wnd leagth reinaining the sames the gradiont will be decreased
and the or'lgin mrnn od to xn0A point behind the base of tho conot That
trUs can 'De done by on appropriate e;Wloraive geometry is shown by results
with the ,"arneg|i Institute of Teochnologr "explosive compensated" charge
(27), which paie a gradient reducoc by, a factor of 2., Since the p,
veloc:ity was uncb=Sned,. the origin of the Jet must have been far behind
the apex of the cone. Hovaver, if increaning the velocity of the til
of tho jet results in a ahoiternod jet, tWe gradLent may no be changed
greAtly.

The orl.gin concept implies that, if the Vs0oitViA, Of thn elements
of the jez aro constant, then all of that part of the jet which was
formied beh ,nd the oagien wan massed at t h origin aL some time. Since
tIds is not true it may be concluded tlat, in the early stag7as afteor
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their formation, Lhe velooittei" of the variouts elemmnts of the jot are
not constant. Thus, the rethod of determining velocity gradlionta outlined
abo", is not, malid for very early times. Som theoretical calculations
made atthe Ballistic Researoh Laboratories suggest that, when first
formd, thoa front olamer.ts of the jot have a negati,v velo(iity gradient.
Arter ,. short time, the leading elemnts are o-avrun by those following,
forming a bead or mushroom head, sometimes seen in radiographs. There
is other indirmot evidenre Fpporting thif view an( foeu dreot evidence
2B).

It may be conjectured that, for a jet penetrating at optimum stand
off or lse, the penetration could be improved by giving the forward
elemonts a larger gradient, thus permitting them to attain a greater
length before being wiped off, Whether this result can be achiew d and
maintainad for the require4 time is Ai open question.
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1. MWth 38, 'ireston. Tire & Itubber Co., opt. 1953.

2. Minutes of the second Meoting of the Shaped Charge asearoh
and Devolnpment Steering & Coordinating Cormi.ttee, 2P-21$ April 19!,l4
Ballistic Heeoarch Laboratorien, Abe'deon Provng Urouwd,1 Md.

rAC 4i3,, rentone Tire & Itubber Co., Akron, Ohi., Feb. 1954

3. TRC 37, iroestone Tire & Rubbor Co., Akron, Ohio, Aug. 195,

4 . FTH 4i, Firesto's Tire & iubibor Co., .',kron, Ohio, Deo. 1253

5. FRC 37, Firestone Tire ': ,4bber Co., Akron , Ohio, Aug. 1P93

6. CiT-OD-42p Carneie Institute of Teochnology, De. 1952

7. This subject is too lskiigtq- to di Souss here. See "The Prosent
Status of the Artillory PoLnm at FTLIC" and "High Strain Rate
Plae Aioty of 1lnr NMattadal and Jet Behavior* ii "Trufnaction.
or Thi boooe d aymposium ort& 4.aped Cbnrps" WUstic Rtesearch
Laboratories Aberdeen ProvLng Ground, Karyland, Dec. 7-9, 1953.

* See aklso FlRM 41, Ic. 1953

8. Chaptor II Go 8 iquation (4) or this publioations Many other
reforenees might be cited, espeollly from The Carnegie Inetuto
of Teahnolo g litraturs.

9. OW~ J?521 May 1944J
OCRD 6384, Feb. 1946

10. iL Report No. 811, Ballitic R.'e&rch Laboratortee, Aberdeen
Proving Oround, Md,, Miach 1952s

11. /T-ORD-kiit Uari'egi. Institute ,f Technology, June 194, Journal
of Applied Phyicz, Vol. 23, p. %.2 May 1952.

12. Engineering Progress Umorts, The INd Company, rroject No. TMI 14.
and Ordnance Contract DA-36-O3h-OAD-62 for the parlod 15 Dec. 1950,
15 Jan. 1951 anA 1.5 .Iune 1951 - 15 July 1951.

13. DuPont Reports, August and September 1941 4DRC, AuG. Sept. Nov. Dec.
1943 and Feb. 19h.

1J4, RL 1P.P .C. , up &w3wiLAu.o ixesoarcib 1boratorlen, Abc.rd -n
Proving eoun, Md$ Feb. 1953.

15. Minutes of the Second Meeting oI the Snaped Gharge imaeEarch &
Developmwnt Sti-ar&ing & '1 .."ourdtnating Gomhl.liabic Research
Laboratories, Aberdeen Provi nC 01ouiad, I L.ryland.
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16. AC6366, Apr. 1944

17. DuPont, May 1943

18. OSRD 56049 Jan. 1946

19. FRC l. Firestone Tire & Rubber Compqny, Jan. 1952
FTRC 20, Firestone Tire & Rubber Company, Mar. 1952

20. CIT-ORD.-42, Caregs flz-,itute of Technology, Dec. 1952

21. NMC Div. 8, Juy 194 arch 1944

22. FRC 11 Firestone Tire & &ibb,.-- Co., June 1951
FTRC 23 Firestone Tire & Rubber Co., Aug. 1951
FM 22 Firestone Tire & Rubber Co., May 1952

23. NM, Div. 8, Oct. 1943
De ont, May 1943

24. PTRU 14 Firestone Tire & Rubber Co., Sept 51
FM 15 Firestone Tire & Rubber Co., Oct 51
FMR 27 Firestone Tire & Rubber Co., Oct 52

25. CIT-ORD-2 Crnegie Institute of Technology, April 1946
CIT-ORD-3 Carnegie Institute of Technology, June 1946
CIT-ORD.6 Carneg e Institute of Technology, Dec. 1946
CIT-OED-? Carnogie Institute of Technology, Feb. 1947
CIT-ORD-9 Carnegie Institute of Technology, June 1947
CIT-ORD-lO Carnegie Institute of Technology, Aug 1947

26. This figure is practically a duplicate of Figure B-13
in CIT-ORD-10, Aug. 1947

27. CIT-ORD-1, Carnegie Institute of Technology, Aug. 1951

28. CIT-ORD-3, p,. 16, Carnegie Institute of Technology, June 1946

29. BRL Report No. 837, p. 43, Nov. 13-16, 1951, Ballistic
Research Laboraturies, Aberdeen Proid.ng around, I-Aryland
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CHAPTER TV

T1E UNITUZED Wi .i!EAD

Ru[ Winn

Dof.4oase ilosearch Divisi on
Firciftone Tire and Ituter Co., Akron., Ohin

Inrtroctotion

The modern shaped t.*arge projectile is intonded am an instrument of
destructlon %hose princil-al object:'m is the defeat of enemy r1"-
cationai and arnored vehicles. To saLtisfactorily acooplsh its mdesion'
the projectile munt be capable of defeating its aseigned tartet and of
flying z.-urately onat4 to assur a hig probabiitr of trikins tho
target wi.th the firsit or seocwzd rowid fired. While fMot of the pro-
ieo4l. iA prperly the problea of this ext~rior ballistioan and the
estraeti-e oapacity that o$ the terLnal ballisteioan, the .equ±re-

mat of aour'ay and of deutntativ oxpac:,ty " so oftn at wvariice
that the desigw Is. oopelued to ma .*c ocqwomLees aad to attemt to
t.rrIIO At th,, best overall balance ot aowuracy and dost,4ctiw potential.
ThR i!fect of via.uII deaijn Ywramern wkw u w41 .ai r-wso has been
ds A, abe4 in &am dotall In otbe& portions of this vobia (QA~ptaes I,
II, III V VII and VIII) wAn will be dizsrAed here er,- it-, raeAon
to t tA moan imont Vopen the designer by the ro.lti.ts of
praot .,al shell desig. An wiiub il be made to trace the devolop-
mmt of a typical warhead and to point out Lu pneral areas Awso
eixgw-xisas have been =do suo se9 usly.

the perfamance s eoituationo for the weaspon systm. The range, .mCuraOy
and mobility reqizremento determine the velocity of the projectile andtho type of weapon required, uhile the mximua penetration determines the
misnim= Bisi~ of liner &nd nha rp.

Table I contains typical accuracy, t.ange and velocity data iow
exioting shaped charge projectiles. The range shownm in the table ia
that whioh offers a fairl hift probability for a first rnmmd hit on a
sanl targt (such *As a tank) and in not to be conftaawd At~h the mxim

rn.of the rdmiIle"

"1O3
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TABLE I
Typiceal

Type Rance Veoc it Baliistic Accuracy
(yardi) (fp3) (Probable Error)

Bazookas and Grenades 100 to 400 150 to 250 + 2 mils

Rockets (fixed
laxnchers) 1000 to 4000 000 to 4400 + to 2 mils

p icoiless RiflA 500 to 2000 50O to 2200 + .5 mu

Owis and oWitsers 1000 to 2000 1000 to 4000 !..15 to .30 mil.

7he caliber or sie of the missile depends upon its required
destructive capacity, its peak aceleration and the type of weapon from
which it will be fired, Although perforation of the target is a recessmy
coned.tion for the defeat of a target it is not rufficiant. Unf--tu+aeiy,
very little is known about the effect of ahaped charge design parameters
upon the extent of danage beyond penetrable armor and the work which has
been report&d is Insufficient for estab4ishing adequate criteria for
shaped charge effectiteness (57), (63), (Chap. X). It has becme custoary,
therefore, to evaluate shapod charge effectiveness upon the basis of
depth of penetration and rek tive ho3 volume, and to trust that a provision
for oem arbitroay "residual" penetrat on-usually 2 inches of homogeneous
armor - will be enough to assure the defeat of the target. Additional
studies of shaped charge effectivenss should certainly prove to be fruit-
ful aveme# for further research.

%s maxium thickness of the armor to be penetrated, without provision
for az; "residual" penetration, quite ciearly establishes the minifim
dimeter of the 1lner and charge. Based upon present standards 6f shaped
charge pqrformance the minimm diameter of an unrotated copper cckm (D inche8)
retem t4 penetrate a given thickness of armor (T inches), 90% of the
time, without wovision for residual dwaga effect, may bo estimated quite
well by equation ().

T o~ 2D - T ! . inches hcmo. armor, BHN 300 (1)

T'e following tabulation shows the penetration level above which
90% of t}A rouri4s would fall for cones and charges of various diameter.

A Jul
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TABLELil

D (Liches) T (inches armor) Approx. Proj. Cal.(n)

2.5 10.5 75
t .6 11.0
2.7 11.5
2.8 12.0
2*9y 12.5
3.0 13.0 90
3.1 13.5
3.2 14.0
3.3 14-5
3.4 15.0
:3.5 35.5 105
3.6 16.0
3.8 1?.0

18.0
, ,1 184S 120

*. 19.0
~.~~ .19.5

I~ .520.0

Aftr' uelanting the type of weapon and velocity fraR the accuracy
wa pwWbilit. raLirewmlnta, and thn miniwu sive -f Qume and charge from
4Ai±tfon (1) and Table II, the caliber of the missile may bm, doUz mined
fra thr thickneha of the projectile walls roquired to vithstand the

treasa.,u of vftri'.

Before proceeding with a more quantititive discumvion of the .fflet
of ths various de ign jI-rmeterL 1m- t4ie peant&ating potential of the
charge, we miarise -rn pivemit ;,. .......... tfth development of the typo-
thetic~l projeotib , he type of w opcoi, peak Aun. praramre, acceleration
fowe, muzzle velocity, projectile caliber, corn sise, projectile wall
Uhickess a" the material of oonstruction of the projectilo body have
been tentatively defined. All have been fixed as a result a ,
ation of the apcitfications for weapan weight, woao accuracy and rang.,
and by the projectile penetration requiremente The tP, ahap.1i mabt ,rl,
wail thiokrse, apex ange and method of mourting of the cone, the amount
and diatr:'butin of th, axpliow, twh si arH positinn- of the booser,
prcvision for the firze, and t1 manufacturing precis3ion required for
Qaining +Che Lh~p.re (iarge pe.r)o ne pruiced in iTable 11 relmain to
be determined.
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COi ISDiR ,,'11G 01, LN.R PAR.A$S TERS

Althout#i the effect of various liner paramleters - shape, matfrial,
wall thickness, cone angle, etce, - are describod in detail in Chapter l4
the projecti1e desirer is not free to treat these paramete) rIsdependonzi.j.
He must be Lapided in his choice by the projectile p-ramotere fixed by the
reqiizrnents for projectile accuracy. It is therefore quite appropriate
to trent each of these parwetors here In order to illustrate the maxrnr
In which a judicious choice of each of these parameters may be rolad t.Oc
the bourkIay considerations of the projectile design.

Stndof f DI.tance

In a real projectile the effective standolf distance is determined
by the length of the ogive, the velocity of the projectile ad the fuse
functioning time. Althou x the aptimm et off distance for a wall made
conical liner in usually more than four cone diametern (36), (39)%, (41),
(44) (Chap. 111) (Fig. 22, 2, 20), the actual standoff Is usua1, lmited
to frm one to throe cone diameteirs by aerodynamic consideration kivolvvd
In oil,,e shape and mie. 11cNoverX this standoff may be enoigh to permit
ti attaiment of Rboit .0% of the penatration expe ed &t optan standoff
and the shorter stan off has advantages in certain in-tanca, For example,
if th hell imat be rotated at som low spin 2atat 10 to irpm, in order
to achieve projvctile ancuraqy", hw optiiwm stAudoff may be reduced frn
fear to tw cem dlimetare. (WX AlAlo, if the ernemy eWel o spaced armor
in an effort to reduca the officiency of ahap ,d charge projectile2, the
spaced armor itelf may ,rovide the increased effective stardoff required
for maximumn penetration (24),

The length mf the projectile boly, wmd hence of the charge, in most
frequently .iM ted by aerodynatio perfcrmance and projectile weirht specifi-
cationpe In general, the penetration and the hole volume obtrired increas
with ncresainL charge length and roaches a maximum at about 2 or .5
charge diameters for heavily confizistd charges or 4 charge di jeto r f'r
lightly confine or, unconf Led chargeae. (55) (Chapter V, page 127). En 1%ost
cases involving rockets, or prJectailes a charge length of 2 oharb, ui uetera
csn be provided, and this is sufficient if the charges art, subjectod to
close quality control during manufacture and loading. The usual effect of
Lwuced oharAe :ength 1sa !ow-red avnrag panotration, reduced hole volume
AM an Increased miber of rounds with below normal penetrati)we,, (

Existlig shaped rharge deuigus usually hatre one of the shapes shom
in Fi gre 1. Although oach can be 1mee to perform satisfactoril.y, 1 (a)
has 1he advan.tages o.f a Einmewhat 1reat-r ease of manlfacture, of high
explos Jve loading and of ble.t effeot (because of th lazear arount of
explosive); I () or I (c) are sonetimes necessitated by the requirments
for acmraey: There Ts some slight evidence that a tapored charge bas a
shcrter optimrm slandoff and a oliwht lower maxim.r panetratirn than the

uindric'l harge. (58 t TM preater A17,o01nt of erncosi-ve in the cjlindrical
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charge make it more valuable thani the tapered charge for the secondary

effects of blast anti frpentation damste.

Os , q<L LnAer '#aterial

iAJthou h depth of penetration is not the mly criterion for Judgim
the muam dmaga to tbe target9 there is only liited infomation
Avai3Aj as to the relative dmap beyond the target caused by t rgt
pmetration by liners of differe x qaterial. Such information as there is
(63), ('r?) indlcates that the w.1±ve damage decreaes in the order
eAl ILM == stas a a e re.Latie e"otratg ability of various
matri'e i deovpro xd in Mumtor III and &.v .be the subject of Q n
investillations. (LL) (40), ( ), (25)s (i7), (2) If the type of wean
Ua such that the caiber of the projectile ovyormatchs the anatration
reqiiient for the defeat of the px'aepective targt, a mo oirable,
oiramsaeo ,it may be possible to Wool' a1waimax or stoel in prefor-
-uc to copper. Bal if, so to most froquenay the rsi-o, lbe peaetratiosi

reqpIrment tuns Ih penstrating ability of the projeotilUo emay copper
oan be *wtn sred meorcsly. In this case almimm sleeves (4) o bi-
matol aonea (4,1), (36) shoo~d be considered,

Havlng eaohed a doecsin am to the tjpe of conme material to be
ued It U neesary to eecify the e'oIitIon or aeU.cU Althoug owny
Tay loaM-y evidence can be cited for evidence it ls the cosidored
op anrn of thtae most cloeely associated with the art or ahbad obxzmp
dvei that the pmitq of the material, w the typ eof al1cr to be
Eqedid, hoWA be that which has the peateut ductility. Uhis e
guaic i duoed fro the faet that potential depth of penetration to
Vraeoid by tho length a ,4sntty of the Jat, The density of On jot
m o rse ohar ateriatio of the We of material uaed ,d Isnle y

sligtlyj ii:!"uonoed W~ bqirl~es £rd hllcring Ing'edienao The length
of the Aet Is dotmined not only by the sise of the cone but also by th a
"locity Vmdleut rtmalting from the design of the charge and by the
ability of the dotility of the J*t material to awport tho vel9citq
V~diwtj du'ing olonga nt of the jet, without repturln. fits fteo-,
tive Jw attlllty Is o ees depexvent upon the Inhesroiv ductility,
the strengt and thr mlting point of the material. Much me work

to be dos bifore the influence of thcae factnrs Ua underatood.
At this Ua howmvr,, the best choim~ of material for shaped charge
1emre In believed to be oa-gan free electrolltio copper.

LSes of av d fferent g smtric shapes have be tested for porse-
trtne eftUina y (Ohu atahd IM) t K-n in tcneu 1%Ut*1 States rymu

~m ~5~e ~~ ~ .a~zm~; gma ~e% remiu*ts can be obtaiim, with
acmiO51 Lers of appitpriatis apx= eale aid vanU t~.oknea# Sqias very
recent data, yet uupblisbd, (6-5)p Ir-dicatc thtit MCN~bj. anglae- coiduil
lizmw nV offer certain advantagezs, bui~t.i perfomunc of theca~ iineru
hs not jpet bme deterw~iJni fficoie~y ws3l. for a cap1ete G~at on

18~
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Core 4aal Thickneae

For ech trpe of cone material,, standoff, projectile wall confine-
ment, type of expl(mie, share of aharge, and apex angle thoere is an
optimum wall thickness. From the practical consideration of projeotjlo
dasign, heever, projectEl eonf'in--ent and cone apex angle are most
determfining,

Figre 2 shows resonable values of liner wal thickness for
eooper cones with spat angles be'weun 4 00 and 4, 0 plotted as a function
of the oonrIrnment. An an approxWate gui4e for liners of different
spox an les, cr tor whape other than conical, an apprcuiaatily oorrcot
vall thickness ma be obtained by taintalning the tiknoss instaut in
an adia dirctim (50, (12), (Cha~p. I17, Figure Up, 23).

uzrves of penetration vs wall thickneso are freqpently unrAymmtrioa
(8), A thialor waU gonerally in to hA praftrrM mr a thinner wall.
The perfoamance of the latter is ty@piled by an excessive variability
from charge to charge, the former by jpod reproducbllity with only a
tolerable deosaen ta penetration. It would# therefore, seem to be
pad practie to select a val thickneaLs about 5% Seater than the
optimum to as ute that In p'emution the wall thicknese wil not be less
tan optima.

Cones with twnapr*d wsll thlokasm hAwe be=s sudied frmi tie to
tw liMe ap~ i ux),O9)g (5-- Tog more votk in thim f1oU1 io
desirable the avai~ ble evidene lnia~ that iApered walls offer

list if ita real .tpruv t 'in the pertr mance tif conical lisorxe
The dae do oho, hwever Vat ratl- 044) tolaranoes way be placed
VPon the varation in Zi thickness betweeu spy and bas without
recdtuin penetr4itia = I" the wal thickness is .joed consant at,
Otsch tranaverae seciniIrh coin

For fners nt shae nther thazi nonical - double ang1, hemiapheres,
trwq e to. the obeervattion that optinun wall thiknoes depends upon
the inontion of the urfane indieaBe that in such waaes tapar-d wall
cons msy be advantapos.

De choice of cone angle is quite iaportant both fet, a, performanre
a maam, vvzrinR point of view. Data are abundantly awallable to

show that rotaxing the apex angle may decrease te ptui stu fu ,
FA M .FA Ai ,MW .gl is doperdent upon the OnTe material, wall

*Jicekns- -And" charp laneTh. (Ch. TTP .m-z -1" ? 10 M-
Am wi-Va most other cone paraetrv. trI rTfnr atf mile becees
loom ipportan as the spin rate of *J.e projectile incre .aesi, For exaMle,
at 0 w s .1 .4..nch --per co-na penetr-t - - 3 10a-lea deeper than a

cone of the same wall thicknoess, but at 45 rps the difrerone in
less than 1 inch. (16),
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The ponotrating porform.ncn of mtnell apex cormA. (200) is iRractoer-
izd by lowered efficlency and increased deviation or scatter of the datcl,
(33), (50) It is probable, however, that this merely reflects the difficulty
of mamfacturing good cone. of very small angle. (Ch. I1,, Fig. 28)
With the precision of modr.rn manfacturing rjethods the optimum cone angle
for projectiles with copper cones iu close to 40 or 450. 11 !soma cases
beat penetration performancs has lbon, observed with 200 (Ch. III, Fig. 28)
"onea and in others witb 60 cgnes((3) Fig. 4),. Au a first choice a
cons angle of either 140 or 45 may be jeleocted and will give good iaform-
ance In projetilps with an ogive length of two calibers,

_harp ARx VS St .ck Wbhe Cones

In most reported cases involving copper cones whors charges differing
only in the pro.enoe or absence of a spitbackc tuba have boon comparod
equal or slightly better penetration is obtained with a vpitback tube.
(5), (19), (23) (39), (66). Thorn is no oi'foct upon ot.1 stndoff,
rotation or optlmna wall thickness, In addition to the usually better
performance of spitback tube cones, it is euier to manufacture cones with
a short epitback tube section and maintain close tolerances than it is a
shap apex cons, and love difficultyr La encountered in obtaining sound
f, hir.e whn Npithaenk tube rones are used.

It is standard prastice to ipecity hard drawn Ooppor tubing with a
wall thiknes of .060-.065 inch for spitb#)k b4mS. Tho Went of' ',hn
diaeter hu received only li ited attention but satisfactory rsvilte
havs been obtabn"' with tubes having a diameter between 20% and 30%
that of the cone (27).

Little inform'i.lon is available upon the effect of method of attach-
ment of apitback Lu.ut tI. cones. The tubes may be integral with the cone,
or may be aLtached by means of soft solder, brazing, buttrarni thra, ,l
cementing or crimping,. Although all methods have been used only the first
and last three are both relatively insexpnsive and do not require the
application of heat to the o(weu with the conse4uent dauger of cone wrrpupc.
In any soldering or cementing operation great care must be exorcized to
see that any excosam material is removed fron the tube and cone. 8ven a
small amount of cement smeared on one side of a cone has been shown to be
enough to reduce panotration by )0%- (6).

AA;UKI4LY OP' THE LI}kS

Method of Attachino

o, Orl m cone fllar vetween ovivo and nony flanges (M9.42 Grenade), ke)
braze or cimfnt (N 2 or T20, ,,ui. ~ , (3) Oune flan e registers in
body and is clamped fialy by a threaded ring or ogive (K 7, T108, T184
HEAT -rojectiles), (4) cono is pressed into the ogive and held in place
by a locking o'e (T!9, T133 Pro.lectiles), Alth~agh eacn rethod hRa

certain advantager 7.-n... facture the last two methods have demonstrated

L1.!
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oo11ist4ntWY goc-, perfor.4ance and may b.' used satisfactorily (62).

~t of ar~ and M~arLe

For bet and most reproducible performanoe the axis of thr chirge
and cone should coincide. In4 otuai practice, howser,, the axes my
be parallel but dispihmdp or wq not be paralll. L large number of
experiaents have been deouibed in which the imortance of these
variables in treated (1). (4), (46))o (49), and the Importavoe of sx-
tm , ly All -ntrol over this type of ijq)erfeotion cannot be over-
"Aphias leds

Tilt of the liner results in a reduced average penetration. The
1uered mrags is the reoult of a larpmr mraor of poor" shots.
There arm *s*egood shots evn with angles of tilt wa hih an 2.00,
Vat in ila"the avers,& Penstrati Is reduced btr %J% when the cn
1. 1UM I ; abait 20% at Act 10% at 3 Ai a difference Lu the
sead a w ntrtion can be deteotod between tilt. of .05

The OvoozW type of misalipinnt, in which th% mmn oaap amea ane
peallel but offset slhgtly met be entrolld jimt as m7eft y,, In
on empewrimnt an offset of only .015 inches (1% of the ae 4iameter)
tauoed the,,pentration signifioauAlyl ~ a 20% (2)$

Fm the stan oint o mmNatutng, boever, t i not difficult
to mdaten the o.Aroedenoo of the chrp and iner within 9010 Inches
pmovded Um. a are pacp ly registered ani olsed in plaoe. It is
wmeh P@" difficult to waintain alighint In bramed, welded or cementel
uemblWi, Hmrwe rsse of tho method of cone attacbbent and
the OM 4!. ied In %%taining proper alJpunt It Is very Impixtant
to be abe to inpect the aligmnnt after the cane and oharg an
asmbled* R&#*r effort should be s.Me to avoid blitA asmblies aoprojectile.

DOO INO OF THS C4RC

The atsa abip. l.oation and alipment of the booster have al.l
been studied M), (28), (19), (64). In moot cases elvftrin detonators
have ben used to initiate the bovoater. In me exporiment t1e thick.-
nous at Vw be.te. was varied from 0 to L6 idthout any indication af
a, detrimaental effect qups performanoe (45) xA it vaom concluded that the
detnat.-A Was sufficiently powsiwful to initiate the ohaew. In a real
projo; 14a bawer, the detonator is anolosed in a rotor in tho fuse

._ a +Att-v' lead sav be oved the Probability of being,
u4inta -, na to 1m nothib

Neerthelee., epE&riemn!- with sevria prjecttiles has aown that the .
tbwat~r do noto Ased to be largsj a pallt I Inch in, di=--str a-* A
Imi MA h w sffic.ent for 3.5 "mhl chargen (1208 37 base elment).

~410-1
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Mie effect mpon penetration of the "hed"of aplosivv, ir the
distance between the booster and the apex of the cone has been examined.
(26), (28), (33) (58).' The head of explosive required seenis to vary
wiM " "e oer" of the initiation. If the main charge is satisfaotorily
initiated in a s.iietrical fashion the booster may ba placed directly
ab~vo the liner If, however, the initiation is bo4dnrl.no :atL~factory
perfmmanea will be obtaired only if the boostor is from ne to 2 cones
disators above the coin. If the detonator ami booster are adeqate it
is believed that satisfactory shapmd charge 1'1ect will be obtained if
the booster im not less than 1 inch above the cone. It does seem likely,
havvr,, that. Uh affvct uw 1,A gIi,=P-t of Uza cum will bvam inczu.as-
ingly sewre as the booster it moved toward the cone. Therefore, the
booster should be placed as far reaxward in the charge as other design
ecnsiderations permit.

Ecoentric initiation of the charge has been studied extensively.
(47). (61) Par point Initiation it ham been shown that the detai*.tzi
wavo front in essiotially opor:Lal with the detonator at the center
of murvature. (48). If the detonator Is moved off-center a decrease in
penetnatIon Is observed but the effect is re~ativelr anal. Placing
the detonator . inch oft-center, in a charae langth of two cne d.meters,
resulted In a loe in p*emotation of 20% (7. Since it ill not difficult
to hold booster and detonator aligmrent to within ,060 inch, off-axis
initiatien is not an anticipated problem with electric or magnetic fuves,
ut sof difficlty 0,'ht be experienced wih a spikaok type fuse. In

the lattr case initation at a point 5 Inch off-center can occur Unions
care is taken lu assembly of to #pitter come.

00HPFIMI4NT

The relationhips between cone wall thickmeno and proactila waL
thnriomas were described earlier in this chapter. There are, however,
other effect of ocaefent of oonaiderable interest to the deignrs
Increasing the cfinemilnt Increases the hole volme geatly (8), (5),
This effect I noted whetoher the confinument is provided by inoreasod
wall thicaiea a or by a 'eIt" of explosive (25). The presence of ex-
ploeion productm at high preamira witain he jxplosive belt retards the
expansion of th, products in each the me manner as does a steel casing.
Thi woonfining" erfeuL of dtfleront inert m ,cLori is, of ooursa, pro-
portionil to thpLr 'densityr.

In early Ewzprimnes with chargo of diaeter larger tha', that of
the coae. d vi "fickat effect was noted in those canes where thse c
were fMuged,( ), (10). It was ot ad that wen an explosive belt
" in co-ntact 'th +_ tt flat fl h . In .It-.L1-.-J

Ura . rS u~fi WAA £W'UUS 'IW Lacs .JB j WaMLyIl Wa* Cullbitllm1

ably greater when the charpas were heavily confined. With e t ypically
heavy confineam.mt of a 105mm projectils a )le in p.e-tration of 4%
eeited whan a .10 tnch flange .wae bgAtkad by ccplc"ive (25), (26).
.,cnt1,y th reelults of an extensive study of the effect of confinement

113
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upon the perf ortne of flaunged and u ange Conei have ber-me avail.-
Able. 5'1). The data are iumnar1-?,d in Chapter I.

Pcan these data the author duw the following conolusions:

1. The addition of a small explosive belt obtained tj inereasing
te charge diameter from 1.63 to 2.00 inohes has produced very nearly
the s@ne effect on penetration and hole voluse as the addition of .25
inch of stetil confinement.

2. arln haavy barc confi ies ! ni, has been added to thie 2 inch charpt
,&e penetration is decreased about 27%.

3. Tb,5 addition of both lateral and heavy bass confiemt to the
2 inch charge oauses a drastic reduction in penetration parforwme of
About i4,53

6. Wb the lwmpr charge in confined laterallyo the piese of
the ileani has caused a elatilvey mall bt sipiricant d %eaee in
prrtration, ar c~ared with a sinilArly evnfined chare lined with a
deftased ecMo

P& me hole vole produced by the ~ Inch charge Is I r 4ad hv
abet * whn lateral enmafieA a .95 inch teel i. used (capred
with the 1M% inreaSe ,whih oca rAth the 1,63 io charaPN)j boundary
oe' tnte a at the ban of ,.* charp have little or no effect an hole
vl~me Un site of the large change in depth of penetratio.m

Thu eeor nt Illuatratn hw Ain aparetly super1 cial change in
cb"i- design can couse profmind chanpa in charp p ,erosianoe. While
:Lt is possible to =lplain thsio ohianes otaisfaotorily in tAhe light of
lmd ital Information, #nd to pre-dict qataitatirely ivhat eitht have
been expected, grat carie shoid be exercised in desipLing esperimntz

o as to be *Are that the rarlable being eva. aated in iUed the only
varlable und test.a.

I4TNAL OafVs sun

The internal shape of a conical or tangent oagiv does not interfere
with the normal collapse process of the shaped charge 3 inire. However,
a numbe' of BAT ahes now being developed for the Ordnance Corp* employ
a tee boon, or spike ogive which can reduce penetwation greatly. Ogives
of this sh e are of interect becm +.-Iw 1-.- 1. _-ft - th.erefore
A iw&air reatoring acents are requi rd for projectile stability.. Whilis

1--t * M ft. L t*

by the latter in much leas ra-izked at -ieocities of .3 0O and 4W 4pe6

L effect of internal te confitguration upon shaped charge effect
has been given a great deal of' attention. ,iguaoe 3 shows six of the mra; :5

cm-fgirtima v4,0A IAsk-m itin trts ar t~a pnatrat iotnn eachoftm"

flf tfl'5 Ii
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(35), (A- 62).. bb)* A coneidorat.on of designs A tr. F discooe tUo

impw,,tant design recpirrnsa (1) a free apce not !oei, than 0,6 cons
di-maters must be provided in front of the o~one,, and (12) the bore of tbhe
)oom must be a large as the ntaxdmm diameter' of ths, slug, It ae~m
cUar that rnaw the br' of the corn the ccfl~iraing ,ilempta follv.-i a
Vuvard curved path (21 and that owi toflapsio Isu not omlete untiJ, the
am haa moved forward a distance of narly one corn disater, and that

unei'inl jet elements ame for~od dur~ng the time the slug is moving forward
asoooWeons d~wter. I the bar*nt the bomisnot at 5eaat anlarg,

ume .a3 dW *Li f h lug, the jet -ufl be pllchad off abnthe
slug ba n h bore arnd a portion of the potential penetration ill be

the *on by the lq~act, veloeftjt ad that this wili reftoe the effective
free "s*. ?Mereto some additional free spacm mmst be provided and
the aotma1 amoant required u-L11 pro~bably depend upon the -- w ipact
veloityof the projectilso
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A CHAPTER V

THE FX1IOSIVE COHMM~T OF SHAPkM CHARGES

A. D. So:lem
W, T. Auut

Naval Qrinanks L"baratory
Silver Spring, IIA!7land

The shaped-charge effect depend uipon the premairo loqu.s of a
detonated exploely. to accelerate the liner walls In the collapse process
wshich produce@ the jet. The explosiv tit therefore fundAmental to the
phenomenon mA it in asmmntiAl that charge parameters be carefully
selected. This meansa that proper diatribution, in~ttiatiou, and explouive,
or wnr adeqau-te conpromime of thtse factors be madto.

rotu.atAl4r, considerable experiencoe hama baeu gained from wic~h It Is
gaerCIV, possible to make adequate shapod-chamg designs. The effect -it
vcpromizzo: with the ideal doxigm =z-A -ac be astimatod raaonc~bl ialU.
ftwwavr, theroblama of explosives In sap~ed charge. hay not all been
solved.. = ia arias um iniMmor variati.ons cause an appreciable
porfornmne change which can be attributed only to the exp.Loalv*. ftal
xmoditeatonU !n charge preparation tachniqto or a ahmng An eo'~
dimtribtio.n abat the lner mqy affect the penetrations s.iiimiutly.
Ito emot bearing won-uuiforaity of the e~losive charg has an peform-
Aas retpires fuirther' Ivestigations Propior shaping of the detontation

womv in the explosive has shown prcumiae of large Axoreaae in peni~t'.tin
performance but has introduced additional difficualties which most be over-
come before t con be considered seriously foi, application. (1-3),

Practally all stuies of exploalven in, saWo charges har been
sapaimental. This does not manp hawever, that tho buto. studies have
bewn 5,110 d Detwwtign thuury In beg atively parwueai* a in also
the study or explosi've-aetal interactiana i) Direct &appliemation tif
thee resear'ch studies are being carrted out %V the CIT .moup in their
work on a roleskne wave theory as anppltd to ltne :

~tnatjon Theory

While detonation theoxy 1* fundaeits. to the study of oxplosivess

1Dtil. esm be fem=4 In refervueen 1%6, (7)q Wi, M9 a-ad (10). The
~ot~n~otobtwetri detonatifti-arid shaped chirge theories in ftiven -is

Chapter X,, for 1-s-tanee. Consider the taimlified cn~ieai~a ase
trith the reaction vrne Z stationar'y with respect to the obeerver1, Figureo 1.
Assme the unreac'tad material.(p T,,m T~ anters the renir,;nn t-Ah

a VAOity D an th prdc, %a~ rpI T2 ) leave theu zone Z with a velocityr

_W ).-ho quintiano p, v, snr T are the preauure, apocific volume, Vind
temperature respectively 4-d the suhaeripts 1 and 2 refer to ihe maiedI

-M Alco~~ the u - Vi vo tA1r;I i ko'
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the particle vel
velocities.

Ti =Sla~rration equatmcare.,~

'T V9

r ,v +Q 2  1+-, 2  2)Q

2 9r' lnvin the gra4 lnt of temperature ahead of vAd behir4d lU)
rem Uon Som a*v neglected. Ii~ AMd5 are the intermal energies of
media 1 444 1 respectively OWii teQuAmntitY WL IN thm mr
evolved Ua tobe resaction. Thee equattaqa y1

D

this last SQUatWrn Ia Me Ra~d e-RUjqdOt relation mm nd representad
br a curve Sbaped shout &Sshaam Lu Ftgparo 2. Sarting wti th +,b-rSact.4 mAWozI at jj (this point Ljj bf below the RWm-Rupiqjt
Oarve) the shook mud me-ion wiii 04VTT the iTroooaa so thast tho stateof the meated aeteria! :Lieu ala tIA faii 4 1 '1% A --)
to the 10~t, of A as Use products emrp~ from the detonatiou foAIV
Tr~im-tima Lww 'Tm~r pressures and higher "lawsa a". deflagrationi
mWa AtP not tO !me c~OnsIgred ftrther her~iia.

In the model,, st~ady-mtate migoht OxtjAt '.r i thg
~~~azi~~~~~ ,n~ BMp~ ftnec.1ut in p~ractical3 thr-dSiorional

VV;uaitiouii, ramf~actiona rrum iebouudwrieu allvys roduos the Proooin
tO thI d U p oin f tanganqay 0  Iji ti UaOply Vtab.i0 pomastion vlal ctvm!K -J1in ecadition loand to thr& ecR dcaA 2-m- the a-Ouyd v locjtv in thft

viU %1, Q~*LIPWAu-JOU&I%*t Confditioq )IL

I 2 (/7C
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the detot-_t4i... ,aloity is then related to gound speed by:
(P 2 "-i 1/2

Also

for the detonation prescure. As can be seen these considerations are
j-tmately - t*- -1 the uboe ofeuao-'i - o it of e-plQeion

products which will not be discussed in detail becaue of its 3amujt
11 &S .-b At Is Of Prmary maut.For~ gaseous axpJLosive5o the ide&I.

gas law works reasonabLy welI4 For solid or liquid explosives this is
not the case* Several equations of state have been used such as:

Abel: P(v - b) R2 (0)

Jonest Pv - RT + f(p) (11)

and ths aara complicated awe of Wilao-liotiakowsky, Leonard-Jone-
Devoahfr with modifioato , etc. (bservations of detonation
velocities with differeut loading danxitims, plus asumptions concerning
t chemial reactions involved and the use of the bydrodymnic equations
peit mwy2natio of the constants entering the equations of state.
Present efforts are boing directed toward obtaining better equations of
state (or better parmeters) to prediot detonation phenomena.

For sh#ged-charge work accurate values of particle velocities of
the proftet gasei ad detonation rates are required to get good estimates
of detonation pressures. A theory of H. Jones (9) permits placing limits
om the ran of detonation pressiwes aid particle velocities which will
proil for a given detonatim velocity (10). Jones has shown that for
a "m dimenaional detonation in a charge large enough to have the

flaix t stick rate:

(2+1)+P (12)
\-I

an d W VII

- -W !)

U

'Flo CA~i-ty C is Azp~rrnata y a r n tn 0- 2 lap jLt t!omloLd
, yf the expiosive sa (dD/41 ,- B) 'L the "' , dmtonalAnn

...... -Ir~eg eni cu -a t density PK, The detonation voiccity
repriannired by -
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whee 10 is the detonation velocitv at a deltnuitY rnt ai /m

Musi MTRation velocity data can give a Food estimate of 1)/u and an
estimated accurauy of 5-10 porent based on an assumed orror of 50
percent n a.. As a conuequenca*, muany of IMe 7prameters needed for
hydiradyvaia treatment of Map~ed charge, Je~t formation can be derived
from k2nov detonation velocity data wit~h reasonablo aomacy.

TM1. discussion has been brief. It wairA iven to poinat out the
accuracy with which the detonation paramtWax' that enter shaped charge
onnalderatoms ore knownm.

Iffect, of D~ea~ -eo ~

In zhat.d-chwge develoment oonsidorable work has been pax-formed
on aazard eharoe to evalutte t.4e relative performsnee of yv'i n'is
e*qlosives (11-15). Only a few of thewi have found ordnance application.
Some explostives with low, dutoritlon preasures ares marglinl ,nd form very
poor aotnk but no tqer lUjit to performance haa Lean found L~e,, 40 the
detonation presur ias increased the penetratins Loomases Me. trend
in #xplasivea research is tho Uvve1pment of unem apouwus uwie. hi~ir
datorAtion volootties andi pressures. Thum m&32 addition..1 improvenont
in perfo2"aance miht be anticipated*

Table I lists various high eplosivan, thetr propertihs, arA ahsped-
charg peretrations (16). The list Is not conqetes and bome are unsacpt-,
able for wide application because of aansitivityt easpatabilityt stability
or prcduotlon difficulties* The densities given are those actually obtainod
ina the isharges used for penetration ooap wisons, The de' onAti on vmlocities
given are ooputed an the basis of vVa*entaU7 derived dens ity-de tonation

~~iooity~p_ _^ (17pedt ~ ~~ r). Sen. tivition a", LAken from
impact .ieu~n at ROL only~ to avoid introdacing calibr&tion constants for
different Wtini mAchinev. The penetrations are fron NOL work o~i po.Lnt
fitiated, unconfiied charges 4.0 inches in height, 1.63 inches in diameeor

with~r6. 14i. ji~l iwe an4 L'Ir-d with 4.0 inchen etandeff inltA miled Mtaiq1

plates (11, IS). A few similar explosive compjarisona performed at DuPont'a
Zastsvn IAboratorionm are aLia givan. Vhis furniahes a vtsonable comparison
of dirferent explosives.

AFo'rmiulaa or ..orrelations relat Ing panstrations and oLvity, vn'l'u"os to
parameters of the explosive have been &,we1.ood. They do not take into

acout however, the proportien of the liner or the nat ae of jet formation,

a@ The ftrat was develarmd b.y [inPont Laboratorian In, 19143-44h (11)
wherain, the penzert-1okip obhaiw~dI fetm M9Al steel, and glass
-or-lea1 14,6nrcar d1'fiareft oxploarves were, cor 3 td, i W t"%h11

ca.Lu1twd yzmlie Jetonat.op pressure.
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Lie i~a pregsurig a p1 iA

A oi~~ f -*to wan used to establish
o avorage value of U/D &a (.21 so that

Detonation Prur a 0.21 p, (16)

ripre 3 show the aorrelation obtained.

b. 't Isiprov the lizvdiatioa of prfrmancae for higher oe*ra
explosives the 1:'ol1oIa formuas vere develoed at the
Nav*l Oz'daaoo 1,114boratory based a Jamis' formlation of
ketorMAtION UMOV7 for folid exlOSIVeS (iL8). TIhese were
based on NML penetration data obtained with MAI steel oo

ftetratioa u

o~r i eiein.Petioati (12 a D 2/ +n 73-58oa

Awe D p awl 5are 1oflneg as aor

9 D/a - .

rliinseh hm tUn correlatioun for varlo xi- plg:1es us~m eqgation
(1) abeys. To be applAabe r.Lhe forwelae reqvire uv kviowledge
or the eslosies Ran-jr I a"d jR

a. A rn-ml +4 of aarlb- volune with detona~tion pr~uuurs wan
also atI -'V'd fr= t~ ow~ ~t (ak) by One TP.t I-aborv.-*1
toprieu (1),A was fowid that %.,rw volume warn a~im1xately
pyr~porti.6nal. to Whe datotI.on pressure as indicated, it

hsmo~~Aawthe"e rerml1t* to ofhj- .~~.h~2 ~if' ~i'~
niaht lsA to considerable error. fte mBfults am be amralised

CLUWj t if.At dt3tliou j jjUt -eur tVg q*.yLs as
narreationy itha laivn effeat of ahanging tbe Tawr.ab'ls whioh ffo
penetratioi for a #ivn arplvaives Thase I orilt m" also be used
to redict Y"U4iwu performance for a close of anzplazisev,
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Sever.al exceptions have been noted experimentally trom theqe
jorrelation foru --ase--specliJ.%.0i_ sa&e alumini-uu wtplosivev andI
sonis perchlorate ooi)ounds. Several xnvaions have been advanced
for their deviation but no positive evidencA; has teen obtainod to
sutport them. Deapite ths caas for all practical applitiolci
the ur. of these correlation formla. will give adequate answers,

12losire Distribution fAdIniiaton

The diatriRation o the ) 1ivel about the V r aid the type
of initiation used to detosate the tharge have a very mearked influence
= the performLance of a shope chargee istribution as dicsouiei ini
this ection In concerned on2y with the goetrical yTangment. of
the explosive. Ihaomopnetles or variatlons fro a uniform charge
viii be ooamsered later* The parameters which dseeibe the explosive
geometry ior cyUndlrio at near cylindrical chargsn are height and

1moter. The dependence of performance on the divrtibution is closely
related to the manmer in which it controls the preasine Inulse delivered
to t*e Umar vanl.s

It is not possible to seneralive much o the effect of the erploulve
distributio -a rwaters without first defining oertain supplementarn
onditions. VoNe take an unconfined and polat nitated chasr, the

man poermtration will 1aweage with inceauing char',% height. Pernetra-
tioa is very ,aeimative for heights up to several cow diametere ailter
which it shown only small hanges with increase of the explosive column.
However It to still obvsorvahl at lengths u to 6 or 7 coN diameters.
Figure s Indicative of the normal behavior of penetration as a
ftnotlue of charge height under the conditions previously enumerated,
Actu*lly var7.4g the length, of' Mxplozi above the liner apex affects
the ohao and maagni de or the hoh pressure region in tto explosive
riwaotioin some ad also varies slightly the direction of the wae front
which Jn*Aw.otA§ with the Uner, espeoialljy at short charge heights

t I~r slimlar cc ti uns the effect of vziaixj the exloeive to
imar diameter ratio results in a penetration relaoin as son in

Fi g.re 7. !aryE, tho explosive dlanstbr with a fixed oe diameter
resu!tu in a performance similar to that for changes in the aowfinaement
wanl taim.-ma.

Th , lse volume increases with increasing length and alno in _zric -
ing dismeter of explo i tthal- the ranA. noafly obser'roed A ls4.t-
ing value is approachild and~of courne,it becomes more difficualt to

Obtore the M-en inntt % -hiech =-. o kbr t"--i apar 14J- _A

AJ!Wh- ah the prcadiai paragraphs would idicate a real vey slimple
Qor lation for pefornance with elwive letuth arid dimet.ar. in reality
It is a o,:-p-; pbleme Tt shwad ta notc t .at -the r sults presented4
were for the r siplest cas and uin~r reatriov.ed o ,i,.tione. The shape
g.zl -gii.et of these cur s might b greatly changed by wy one ,f thi

CONFMRIENTML
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larg. number of variabltes not roriuidered In the dC1'0U;io1 -oi tc, 'chli

peltat. Dt gonert1 _vlnllvx wwerlmental. ras-lto &re available for the
pUMOUI=~ 34.tQVtio~I At baxds It in~ diff icult to predict the effect
ofP -mriation of chargn heigh~t or explosive dieineter with azky certa1.nty.
jThu is also true if the ahape or coni.- ir ol tho ewploulive eh&rze
deviates fromn olindrival sp-raT ~y Owe hope Ise offered bawovr , I
the way of quxlitative predictions by Application of the l~elease Ware"
considerations being devaloped by the CI? grip (5)e

So far only point Initiaton has. teen diwwuvowd. Mai w-
peripheral or other t~pea of iallto which shape the detonation,

4-1my -:L-;6v *he pe"..troAtionm obtained. Fi~gure 8 compares points
plattk wave, azd porlphoral. Initiatc4 stard chargns for differet
ohiu~ig helagitm (3). ?-hame resiults we' for steel 11mrers LIMted
tests for other liner materiuls l~icate in Increase in penetrations
WAtA poripharal itlatim htt the psecentage u'pro**Yuemkt varies con~-
sideftbly vith thet material. of the liner (20)e ?hose apecila3 result.,
an &Lrov to indicate what nighut be achieved with prqper wave shaping.
PopetraiMu from point or plane wave Initiatom are tair2y reproducible.
SMOMe Saul Amymitrus arihare In' the Irsa n 41 produce large
yariAbiltytY 1, paizhla litiattem. A~PILiatiou of much an Initiation
WpAmt notb be *s v~ it mtion it in rased posatrat4.ams are to be

* seac yed pf,1.ism with a large umber at abots uviar weln oontrolleG
cawlitleas Us ohmw ihzat increased peratwatioA for 01"e1 oam 1usd
Oagm ad peripheral inittatirn Is real (21). However, the larg

* mluroaso (25-30 pewoat) reported here wom boon Ow~n to dvpkI ariti-
adly upsa the Uomr used (22). Furthiermore ths cavity vurame may bo
reduce4 by As much as one hlf.

In Oharge preparation the problem Inuto produce an erksive loading
Wdilah will, result in muximumshuliupo aharg porfamance. 7he method
should Isura; a) =niforzalt4 of the exloive; b) Auttal yuastr'y aM
0) maxinum density. Radial unifondaty and h11al syimmeU~y ane hi"hl
1Wortwtn'to jet formation, rA small dwoviatiors fr= these conditiozs
may produce a signIfIcant decreame in mean penetration. Huximu dwmsitioa
Are recpJfr~4 to 4b~iwil Uk hilOast, possible destont~tion preemae ar

*Ilvy result In poorer perfotsumos. 1nrea3.@4 penetravtiomi have 'be4q
reported wima oacal-tio and dael~~ty prad 1.eite along -the charge iength.
wars chwaged inadvertent-3ya Incre ased penetrations have also been noported
which ocvUI ba attrrouted to oharzge Imgporfect~laim in UiM fom of Wael
PIPjRFS twt soue shapW of t'he deta'iatiri ways.

Pi c.. gem may bpa piwpared ikw pres&idrig or cia _1 pras
IN;A, ainteonac ol' inifomi dansity throiijolit Ulm charge Is udtffiCrlt.
Campomition unfmi V~ 3A asarrd by Luaqdet ' !_Itinq in the cass of a
m~tinamowpnt wystem. Prvool3Ag the elmarge in a .aingle operatiuii wil.l

vqu"wY result %n considerable dtensilty, variation if the Uo1har~g is not
chort. Usuaii fOX eL . - FI.d bypSiiaa

t 4 ll'a -.
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nmber of short sections wdch ace assembled to give the re;ired chirge
helght, 5 "eu then denity .9hangmu ocmr in the section containing the
limur nie 1t generally is =uch lonipr than the other pieces. The mold
fPr this section wast be dezigd so the liner will be well supported or
it will Wfer deformatiou. Ihrparation of the other weitions 1. not
?if!i t but the problm at vasbling the charge stll eists. If the
!-tor. aces are olean and soth, performance will not he influenced by
the mannar In which the eeotione fe jeoo. 4., Of cvrse, axial a4gment
not be maintainede the problem of obtaining maxssin ovrall density
edu urJ1uwu prwu..ua. "'I*'&u , 1"rua~w 0.&" s MMI
will not aroaoh crystal density. Definite variation a-moss the charge,
or aa pines may be formed if care in not taken to insure uniform
distribution of the explonive p der in the pressing molds Densities
o.reble to the cant matrial mW be obtained with propr car.* With
the s densities and Oapoitions preased ohargs porform s well bnt
no better than cast charpea. Hower, presesia pcraltshe usa 44
aiplosiveswahLob cannot be aetj such as hiOR or contet mintae.
Pressures of 20 j,00 0 to 25,0000 psi will po'o dowl-ties within 6 to 8
percent of theoretical,.

For cast charrsa *he problem Is to obtain a solid free of voids,
low tW.ty rooems, acnqn ition padients arA large aMtala. Tbe
method preentl An uT.v7 coneiderahly in detail from laboratory

to lab l y lat all fundmontaU invol the follown steput

a. The eplosive In mltod at a tftae*tde slightly above thr
melting point anl than slowly atirrad to maintain omaiftam
umilornmit and to remove ewtreppo air.

be Te melt im then poured into a heated wold. A xnser is
p~c~d o V tp o the .014 o d . l d with liqpid explosive
wo thai. *A hht ve s Contacte on o'tnliag 1Me
shrikaer natlm wiW. be filled.

at, Cocon Is uu safll by ocauwotion but somtlxa may be forced
by a water bathe

h ploive is kopt in the 1,qumJi phuo at as low - tperature
me -ceihl, so that the melt will g through the fr inv g point
rspi ! aftese pouring. Thiv envrag~s the formation of sewn crys1al.
and I the oame of ulatinoWwat wateal mininWism segrgation. With
ST the melt Is uwtaafl dsde-I (eaumed) to obtain small ryst-ls. The

.1- hoeatO t4p ri n too rqd iitiai cooling with associated
Arka" of air or forma1tinkm G- 1,, w'ff.-ot "m1IjC! etimes the

hi~er f~t 1. th# WXy.r A BUM. s'- n r iC~-~- 1c~i
the riser t-- keep Ur. wloove noaltew during ofato math
Chass". M=a this setbkaxl is not ---*d tu preveut the risew surfaoe
fvm freesng over, ii a as t Am brobon at freqiet -tar-vvl and the
dM-.-p eh" a rikA- V L-maxe-0 Io me-ri flc of the L-m'tz

I I
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explostve. Cooling, if forced by a water bath should progress frotu
t bottm p toward the riser. This is done to prevent formation of
low density regions, The use of insulation which re-tard cooii
iareues the probability of low density regionse

Cast charges have not ben nt4,,-- sa+ie--ct t, ! h ua.

been considerable effort spent attempting to improve them. The
foflwing techniques are the major ones which have been proposed
for lqorovent,

a. Vacum melting: It is being used with some success to
pM orei uniform higher density charges. Both the
melting and stirring must be done under a vacuum. The
cooling may be done under a vaemm, but it does not
appear to be important in further imprormaent of the
charges.

b. Vibration ar I&IIAtion Of the poured charge-s: ft

attempt to help free the entrapped air. This has not
shown much promise.

a. ongum Spinning the poured charge during the
coingpriod has been tried at WL as a meano for
re&cing voids or low density regions. For a singie
coponent exlosive it was found that no improv ent
in appearance or performance could be noted. However,
with a multicomponent system, a long conical pipe was
seen in the radiographs along the charge axis which
so dobt produced the increase in pe:ietration which
was observed. The method did not offer much encourage-
ment for producing a homogeneous charge.

d. Machining the elosive oharet Casting a large billet
=, loolve fro which several smaller charges are
maehined permits discarding of the low density core nd
other questionable regions. This would protuce good
high density charges but would involve an operation which
is difficult to carry out.

"ie firet three or these tedhirc~ies have been tried in she*pd
charges, at least to m if they would be feasible. v.c- -olting
offers-the beat method for imprurirng d %T and unif omit. of the
charge. Kachinin&.the- cavity in. tha. har and fittiUa tha heped
char,", liner in tbn ~lcv billet 'appears prmu'S4 ing. but intirnvt-m
I .tctof a~louive with liners fra ik poduotlaD lot ishn~t-

achieve, In gi'mral it can be f-RAI that Rsy 4-oyet
methioda will nat be lArge, AZRMiu of a 5-lC0 p(,ureont Increase in

aam pemtratiin '!iIgt bha *"pectad. -= zp c of panatratican4
__' T- upta~ rcant..

13i
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At this tinis the aptinum camt-ohrge, prepar~atiorn won"d appear to
be ma~lting and stirring iindei' vaein~ follhwe by a dilferqrntial cring
bath (2:)) attor camtIng, Zxact details cannot bu given bucalaw. they
would diqmex upon the exploaivet the charge Bse, the mold,, &M the
nibiant coooditions in the casing hmsae.,

Aat Influenov do" siperfeotimor a'Inhamogeneities (mracks,
voids, babbles: densitqy, or ecoasition variationt) Lntroduced 2In
charwpMt ixn have on perfor1anoe? No overall asseent of ti
iar* mnce of these itests has '.nt mikdo hovwer,, therd are consderable

daa o ndcate ihe iwortanoe of epelfcif deviationes The imper-
featoia A) mW ranmp widel in 61st, Me. laxn rg~Am ane 6#ily viesin
an radiographs ot on the ruewfto of the chiirp. fal1 Inhomogenol*1au
appear as a rhmpg in avrage density, S~ie id1ea of ths relative
lq~ortanao of the eploblvo may' be gained frocm the ehqWs charge rernlts
ustaig U~cid e~plosivese A licpA charp aimld have near Ideal
uniIformity .wA th-ofte lese spread in Um perumtrationa bould be
expect4.4 if ex~plosive Inhogeneltiea an~ of az' ocmpenose A re-
ftatlm~o In the staMard deviation of the mean penetstiom ham been obgervsd
nsin# st liqJ* sloaiwe (1Patro.thaa) with proolkiton one (24), This

Dthe b",l for estimated ultimate impiovuient, in reproducibility whiah
mw qnoted carilia. (" m_ reetty adittoma imma1.igaitwim with
Nitrioobeerw (15) ocnftrme the conclusions based an the earlier teits.
Pr&.tical omidera! Aon make the use at 2li~d axplosive undesirable.
Thome -which eonf aim to w"nitvity requirements pra'e small penstra-
tione. Charge aasembly In alsoocamllcated. Hove~r, thes results are
U~icittive of the iAae of a uniform expoalve in~ reduaoing the rw.i
fA) roundE variability in shaped ca~rg "tm.te

Since solid eaqplouivem have poxitive coefficientv of thermal
eansUip Where is always a ftenal~v for cast o'iarges to aok upon
olUng. *'oosen @khargea xaW dJJok In "a~aa"" aftr relteano of pra~vg

Its techniq~we used to tise hiih daeities for the a~closive enhance
the toenauiy for cracki~ng* ml.s iqoefeetion may occur aynhere in tho
dwirgp wA ixi maW direotion. There Is no direct evidence that it
advevee3jr Infnninces performance*

Vol&dS buMbbles bare the ' ca appearanoo ia nadiographs. Bubbles
to ia n 06 6061Wn IV too rapid to permit ortrapped air to eacape

,o he tp 6f the charpe before thie mlt uol-fieva They aiDoo rsmult
j~hn diesolve" air Is uiprted an in the crs- tis 4nprocess,

Vtd~e oaaa A* a-fvhll~gx h xls 1ecd'a ti u
-T .. -" .- C

~~1-MLY MMMA'~ iJ.& WMWWA. & Wki.A A WJjj A-.

Amvd1ai'th liner hW6& * apprAbo L-ovacu4 ol6&PQo 28 41r5

hw baezes in~tvwiftd into tharas I 5A/ inches in diameter try rem&oing
U.~j ftilling a hole In tho har &&d thon rtplia the :Lijr

(N6), Ccs-tiil Aas Ua which the lii'eare we"reawowd and rsl.
Judlzetmadn deteriamatIon in performnano due to the operation, hienc

.. 4-
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I
any chaige in penetration could be attributed primarily to the hole
In thefl osi).OSLEee

Decre-re n Pcntratinn1
Cavity Location 3/10z 3/16 Cantgr i/b" x i/A cavity

19k qex 10% 5%
1/3 length froM apex 20% 25%

2/1ifnth from apex0%10

5/6 length fm apex 5%

These parcentages ar approrlmat, but th%y nioate that the bubble
effect maybe appreciable, bl bubbles c' voids distributed

nu.Lufl4 wusgo L h ir b &rg. a rt eta density F a T oconsiders.,
tic of detonatxc pressure, a 2 perce deawt change ss produce a
much as a 5 percent variation In pemkrati.no

Pies anlow dm -y re ono parallel to the ais of the charg
producoed beauxe the exlosive dose not flow Into thitu region inte

* In~i no1-difcatlon.sThey can be comtrofled to a iertai extent, t F
using uttkcdent flrr or they emi be Awreod kq drilling or remelt-
tug this region of the charge ad nporng. In se cum when the
OiN oM is inmalated a pipe*say occur Am a thin cylindm diq laod

hrom Ute agie Wide spreas in pontrat m or the reduct.on of man
penetrations have bee: attiboted to the ctliwid1oa1 pipe. On the
Wor had sht inainsse In pomtration also hat been attizbuted
to the wav hopng action of vmfll q tic pipe on the char axis.
= gmmyre1 sip. are considered uteelrsbl. becaus they afe uncuntrollad

tio ontributing to the lack a charge uniformit.

The influenoc of localluod lahomogeneities I hard to dtakmilb.

Ternnnne.w~ bas n e ffect of tilting or othervist diflturblzg the
vrnifem d4evation front needed for Mdeal liner collapse4 A considerable
mmi, of the spread In results obtained from a p'onp of Supodly

uaif,. shMed charges mr be oaNed by this irregularity. As indicated
pt'wviuumsy the us. of a liquid explosive, which is Vaut i:4 --ndlont
tree, rosultidJ in a 50 Percenit cieereae in the coetftciont of warta- I
bility for tto mean penetratLon. In theme considerations one in con-
oerned with the ultimate performance which might be axpected frm an

ea'l tharge. This has not ben established. Xt is theretore not
twoiblh to ijdtcate how far one !nPt go toar improving charge

n-foztity betone nelig ble gain in reproduoibility of porformanrn
_AN_ ,.n-,

V

I
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In uua'iarising it is noted that the explosive detonation parmoeters
are fairly weil kuiwri Those of interest in shqmd chorges may be
caupited wit*h an .aoauracgy of 5 Uo 10 per int for a liven explosive. In
tUo proisent otate of the thenry this is vatlsfsct,ry sAlthoug1 faxrther
rfnements ma be needed. Shaped charge performance at loast in part
wrq be carr'dlt44 tifl detonation parmueters so that the best exploulve
maf ba melecod kron detonation dataa Explosives with high detonation

U" " aO".1v I* P Wi.r-i-ir.O -4 WW SZ~1. A Z OUI

QOcm.itlon 9 Is good, but Improvwmt in pouulible by going to a bij~s'
T= conntt cyclotol or an octol (IN/IT). Up to 2t) percent inoreav*
in penetrations over OCohoition B cani he r~altwed bF the proper eub-

'the offtet of aloive, diatrllfttlon mW be olained qsaltatively
and in #es intanaes giatitativ*%yo Oeneal mials for optinising
th6 mqaire distritation ane not available tat there Is a conuidioable
expier betal backgrEmnd to pam4e further deigm. The method of
initt IS ijWotant.j hqW~miftA m be reaised in shitting fro
thi &AeAder point Initiation Wmtam, bIat each a shift =uat be made with
canation.

Itie iwotien of oharg prparatiea =at also be conhdaed ouretally
It mazimm iiform puttumnan"o is to he aahioed. the premfmat Aethods
for produoing cast charge give reasonabl~e uniforitt~ ad dohit bat
enaa be 1Wiroyed at least for amperiaontal ohmaa Mhe aftet =hc M

-gWroMe charp preparation will bolp perfoxuance or W-AreL reprodual-
'bility Us IP'% kscn R mq be u&U9l Mhe use of proseG sharp#m inIA
be conidered slues It in sible to obtain denaity nd al nifori am-
pawab3A to 92st charges. coinp, pemiita uui ct hiJ* perfomance ew-
plosivas that aro not castabiA.

Chaarge 1Lerfaotone resulting 4r= the prsjw~atla& tochxdqus hmv
beon 4lasuned Um detail. Marey of the results aye intoncluaive, Loocal.
Irreplaritis iin the region of th. liner are umdezfrobe and ooptWibuts
to lank of reproduibilit in penetrations. Uniform doetribution of
var~v w,4ll tmbbla raduee the mmrall do'nsit of the nar'ge. 8M.ever,
ULis may hav. only a w1-1 inflronoe o~a general IverfarmnaoI

CO)NFff'INT1AL



CiCKM ENTIAL *t'r"J

cdI

PSO

144
'1 "0 60 i

~ 9 9 0'a ~~ ~ ~ ~ U m~u ' o a 0 C
C-1-1 A

CONFIDENTIA



REFMIENCE8

1. S. Sefumaum nadt (. Heaimdchal "Intorewis of Holl1.w Charge
Iffea*. 'Thwaugh Ignition Control'; Second Baltic Institute
of the University of Btr~m,; OTIB N. 1471; 30 March 1943.

2. H, Paul arA J'. 7. Iamonst "tapormen't in the Performance of
Owr-itw Cltarps*; Yh-piosivis Rese~archi Labaratory, OORD 3443;
3 April 191414.

3. B. Is Drlmir and V. T. August") NrIp-heraL34r Iyiti*.o
ftaped, Chars"I' Naval Ordneance Laboratory; NuW~rd 17221
1 Nmvmbr 195o

4o H. Dean ftLor'7i *The PburavwnDt of Detonation Pressure in
Irp1aives' Nwmc. Ordnanco LaboratWyl NsyOrd 135831
5 Mara.~ 1953.

50 a. H. ftskt R. J. Zmhlbrger, C. To Linderp and F, Allison;
0Fnetit of Shaped Charges"; Carr*-gia Int.tAte of
Tobmlo Fowt Bit nthly &Mort. (T-(D-35)

6- H. i R. %, p,.-..All 0. 1 I3ftry and K.6 B. Ppalin;
%Ths St~ability mf Datonution"'; Ohemloal Reviews#u h5 No, 1
69,, Atut 1949

7. As Jo 1iJake'ste.1t oA Go Ow "7bs=7 of the Dtonatiois
Procesas' VM DepartrAwt, Dwure of Orfttane NavOrd 9011
to April1 1914?.

8. H. 0. emqy, A. A. Ohwiatimtn "Analyi# of 2primantal. Data
aO~~trowtion Velocltlesll Mini Ori~nne Laborateryl

9. It Jomes; ""T46 ftpaltie Of aal at High Fr*116ua w a h
am Be Deduced from ftploslon %xprimas"a 7h~xd Sy~oslum
mS O!!!woatIcOS~ Flame aid4 1xplosioca Fhnmma William uA

10. 8, .7. Jac,;bo;l ft rke am So Fua.amiutal reatur.. of
Datoao'2 TrSai&ctionsl of Bympoesa on Shaped 1harpa
Abordsxee Proving Groumd,, Bei1lJstiow Rewearch Laboratr..a,

PEI aew -. 7 11-16 VNflw1 BYr 195~1,

11. '1-. Ofl rt- L titonof Cavity So tian III-
aiIaon'owf Cavity Effee with U-al-I-M tt O ~

ArNy cofthr~ot W-672-OP~~31 Fetiruary 19L3.

12. 0. 0. Dav!.a et all "Invctigation of CreIty Effsect Tiynl
goqport; Dhiint do Nui~ourv & Co.. Eastwrn Lab~ratury
(Amiy Covtradt W-67240t-5723); 18 Sopt-jber 1943.

CONM'IENTTMA,

K4



CONFIIDENTI

13. O, Ml. Hopkins; "Evaluation of Explosives f or Shaped
Charpa" j Picatinrr Arsenal.; 3 January 19h4.

14i. A. D. Soleuuo W. T. August. and 8. R. Walton; "A Cmaricon

oi Vario~us Ewplosives with Reap.t to Shaped Chare

35. W. T,. August andA A. D). Solin; "Shaped Chargoo Performance

NWvOrd 2767 1 6 februaxy 3,953o

16. C. Keeman and D. Pip..; "Table of M±34,ta. - Hli EKploulvo
(Second Roteyiolm Na~ Departoent, Bureau of Ordnance,
HavOrd 87-461 26 & ly 194~66

'17. No Lo Oolsburn mind T. P. Liddlardi "The Rates of Dttoriaticn
of Samx %Rl Pars ard WLxod Uplosivesa"; Naval Q'drnfos
Laboratory, NavOrd 2611; 22 September 19%2.

)A* No Le Coleburl' A QOarlation of Rxposive r"11u8
wit Shapie Cago Poirtormaanoo; Naval. Ordnim Lbatory
NsyOwrl 272.11 19 Jmim~w 195.3%

19. H, A. Oook and P. As Comabol "Theory wan Application of
tbe Caxrltyv Ifeet; Report for Ma~y 19?k% C~tract W-67O-43011~
dumat do Nommrs & Coi. Nastern Laboratory; 17 kno 1943*

90, A* D, Sawe and W, To Aurs~t; uPeformance of Prt*U4r
bimtiated diqwd Obargea .1 Iratthaations of &Moslm an
%s. Ow o bede Proting (hmndp Ballistic Research
Laboratortes; 13U, Report 8371 13-16 No.ebe 1951.

21. W. To Augint andi As Do Bolea "Peripheral TMtiati of
Moped Qhares 11, Penetraton~ Patterns for Different
&alsped Qbwi, Parameters and Initiator Barriers Using Steol
I,.nersm; Naval Ordnance Laboratory, NavOrd 26811 1 October 1952

22.. k, J. K1Fciolbohrger, C. T. Linder, and F. E. Allilori
"~idsmetal* of Sbaptd t-hxrtea"i Carnexis Institute of
Tuahn~oog FSLfth Bimonthly Report (CIT490~-40)9
31 Auagust 1952.

2. D, L. I vakW and W. C. McCrone; "Canting of TNT Final
Repokt"; Axmour Hosearch FoaundationA of 111i-nois Instiktute
of Tvahnolcogyj 25 Jixna 1952-

2i4. B. So Driwker; "Peformance Uniformity of Shapect Chargeb,
T11 ;in' .TO%~P1or--4va tl-niformty on **-" Nwva].

Okdnianca Labpr'ataz~, IXL 97901 211j Junto 148,

1.37
CC)WFUWENTL4L



25. u.a.Cirt innw Ch~ir1. x. inochoo; taD~t~rmizatio2 of the
Effete ot the. Use of a Homogneous Ixip1oaive *Mr of Lineno
made iJu Var1',i: Wak'u tch oma Tolanamoc on~ the Performmoo
of lcpev.menta1 Sepe4 Carpv;* PioatinzW Arsem2,
16 cictobor 1953.

26@ o, fleinchaiokj "Tzvewit~ij~tio of 7acl~ore 3nurlog Into
Wa.ip f Sup.4Char a (Loadilmtand !Nuting of Htii

lki October 3948.

27. H, A. Paulo 1. P. Moibolm, andji. Lt Bachraoci; MTe Ni1feota
of I tloum Aberrations on bhe Perfomwaae of Cmlty
Charps"j 3iqp1c~ves Research Lxborary, WMW~99
16 Octor 1945.

C ON F W E ITI AL

- .



C OI4FDENTML

CHAPT=R Vi

FUZIS Y SHAPP-CUROE MIS1II1S

J. Rabinow and W Piper

National Buwea of Standarda
Wshington, D. 0.

Tis chapter In conien-od with contact fuse :tbr uhaped-ohargs
proetl. hWhilo expe riments have boen oonductel with proximity fuses
for mah applicata, Md the fuses hm proved paticulary muitable
for the very large rowrs, at the present writing it appears that the
omp2*x±q aul ez* mae of a praimity fise for rounds maler than 8-
inoh in dimeater i w-rrantod only in special eaen..

A fuse for a shped-ehw round has me eleunts in o.mm with
Umr t apes 9f ftus a sw t tares which ar unique. A ius in

imiaml onst.w of two essential em,, ents which are tonemat mutualij
oontradleory It mst possess a safot7 17utem that uaps the fuse
Inert unda all oono.lvable owAltione unll such tim as it is ton-
sidetrd A.o 4 & a W s- Vteaia a ua crp and than th fuse

Ast xewte a tchndi&l smrsanlt r beo*e a very senutivs and
Ltbl daimo. Ir sm of the sipler fuses these two separatoe fantims
ar. so IntewrminO1 that the dastia, is sametimes lost. In the
soe sopsticatd fMe* this distizction between the trigmr ad the
arming eyt4m Is very markd amn partteularil in devies ike the
piminity fuse wAn the fusas for g'ded 11. mss thiese to acaponents
cow Imt of separate -ird distinct ;pArleal entities.

Becomse of u ecal ruquirments in designing a fuse for a high-
velocity shapd-rharg roxwd, the trigoring a4 the sid'aty davices are
mqparate devices. In em of he funoes which hae been and are being
desiged for lar-velooity Kwnds hawvwr the phyvical separation is
not well defined. %,e rtar~m for thav be vxpU.t3.nd in dottil Valov.

Boc&AAP tVm sbrnpd-h*rg~se plo-n su' t be initiaLtod from the
base of the rmand, the eAn detonator's location is Immediately fixed.
.P-, l.,..bV ~JI5 WI~!L AI, U U AW . J. W, .U 8 . UU J.ZW ... . ....

Intitudo. It *akr t well to considor a dIfsTloait cee first. A 90m
fLn-aibiliaud pn-fvid projectile may travel tt A velocity of saom
*25OO feet per second. The distance ftom the noe of the rourA to t e
location of the detona-or £3 pprozimately I Vc feet. Thias mea -that
If the raurA is to be detonated a very- short t.us after the nose contacts
the target (the time being limited arbitrarW by the recpirement that
the rase mat Stolapie inot mare thanl4 L o thes initiioi-L U

W13.
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explosion)o the following requirements of tlime exists The initiation
imst be started in F) microacooids, becaLuse that ia rne time requiired
for the shell to travel. 1/4 inch. If the detonator requires 6 micro-

*secondstod mtafe envgthsinlitola h:

adapted for the T2U8 fuse. which will be described !*ter,

In the came of a subanonio round such as the 3-1/2-inch rocket
paad rs evn better the T37 rifle pesnale, the requiremients for

Wood of lnitiabi~n at the eWqlosicm are far less stringent. A rifle.
pomasde travels at asmeiO tsfet per second* Agan if one permits the
roatW to, deform a 1A) inch before setting off the high-exp1cuivs Oharge
On e avalable Jsl140 microsecaidall ad a mochotnical transmission of

infomat 9n f the nlose to the rear sement becomes at least thizorati'
ct~ly PoN4 siblou Two general metOwds aure eq~lo~red to provide meschanical
tranuiiono Ons, is the so-called Nopilb-baak* fuse wheom a =all
shaped-dwargp explosive In the nos" of the imM is inititec. bV a
parmseupao ptisier and i'fresa jc*. baocwardis Vz ogh a pastiars provIded
.4,1O the an ciargo Into a base boowtero Sin the velocity of much a
pall jet in Y5w7 )aighp tfLa providas an 6U~~a~s2.y rapid slethad of
tronIimttjng thm trigger motion frai the front to the rear. Another
approach Ysed it rociet grnades is to have an inertia Yv. x.jt located

*at the be~r.f thromsI Wen taround cntactatargtIt do-
oom~s the Inertla weight slides forward *M fins a porotumiiom
cop. The disadvantalp of this type of fuse s 1 that it is Inherlintly
slow mud that the sh4li it rociuired to have a very rigid nose section
so as to prevnt collapse while the fuse Is going througb Its tziggerWn
"yOle.

In order to f'use a high-ioaltty r mod sveral electrical methods
hxav 1-sa tri~d. One in to use a power supply evch tkU ej battery, a
switch in the no"e (which mVa~ be a simple double shn.)s ad a datonw~kor
at the bass withi an e4pprpriate arming Wystan* The seomd, wb~lch in
.aally A mcv-iftencticei of the firat, is to use a sthrce of electrialJ
eneru which is Inert until firing, suoh as a simpile ilaais generator
that chai'gea a tmapAl~itor on firiLng. 7his capacitor oan be mod~e to hold
its charge for the durAtio, of the flight of the projmctles Wu~ can be
discharged by a switch a In the previous case0 This 1aLt approacoh wite
used in the first model nf thA T208 'at was abs nnd in fatw- o"'If~

2!:vz~l4 44- G, a P ~ o'ats-iu gener'ator. i tiir poeuib:Le electrlca
metod is to us. m prerator located in the none, of thoi lyrj , le MI

* ~ which is anargixucd by~ the ixpLct wiQh the targot; 0111heo an 5ilectro
meiatio or an electrostatic devi.ce can be used.
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Driving a xall magnet through e coil can be made to generate
enough cnergy to fire a deibonator. This has baon trIed bat there a
oertain difficultiec in actaating such a device at various angles of
iupact and also keeping it small enough to be put into the nos of a
ohell and not interfere with the formation of the jet., Th method now
being employed in a~ver-a m2. -a of " p
of a barium titanate element. The barium titanate crystal as used
in this fu ing system has been given the coded terminology of "Luc1
fuse and should be so referred to vhenere possible. Fi~ire 1 shows
tbe general arrangmeant of such a fuse,

A 11 disk of this material, approximately 1/16 inch thick and
3/B inch in diameter, is located at the forayd end of the round.
?he disk in silvered on both sides, and electrical connections are
brou out from the two silvered surfaces. One side of the disk is
usualAy paounded5 , and a wire lead in brought from the other hurface
tbough a suitable arming switch to the detonator. In the high.vlocity
ro s, a rubber cushion is placed between the barium titanate disk
and the metal ogive of the projectile. This is done so that rough
handing will not break the crystal. The rubber, h6vever, transmits
lig-veloeit shocks with very little attenuation, so that upon contact
with the target it aets as a solid and the barium titanate disk is
subjectc-d to a large and sudden compressive force. When subjected to
shock large enough to crush the element, such disks deliver as much as
2200 volta on open circuit and will fire a nominal 1000-erg detonator
Vithi 10 microseoonds. Because they are essentially high-impedanos
devices, barim titanate generator$ are generally used in conjunction
with carbon bridge detonators.

Becems of the simplicity of such a fuss, this system is alo
being used in the T20J0 for 3-1/2-inch rocket, T2051 the T224 for the
r7u recoilless round, T188; the T2028 fuse for the high velocity t
70171 and the T.014 fuse for the T37 rifle gremadfo. Experiments are
== under ms with low velocity rm-ds, with the intention of locating
the barium titalate element at the base of the projectile, in the S MxI
package with t* arming system an the detonator, aw~l to transmit a
mchazical @hock to it throrgh the body of the projectile., As atated
previously, this i.s possible where mufficient time after i44;ot :Ln
available.

A-ming. stf..,ts.

The arming xystemu for the shaped-charps a-.4:d can be of many

. sad oher extermally operated davicu. may be ud. tr!
~ ~~-~ in~tinu an ~ c~n~cd o te teair prsssurt dovicam

b~~~y,~The syatn 6-rnitr~1ly being Qidopt -U t h
prezent time make-use c-' acceleration of the round in. such a mar.-n
;, . ,-. , will occur only Axt scme t'e after th rou:A has reai. ,xad

nrf, Svjrllnd Flaialum -01001tv and if z' afi-eJ P
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additional time has elapsed after firing. Since hermetic seling of the
fuse in always ,eelrable, the use of acceleration is particularly
attractive since this in the only effect that can cparato in a compleial~y

sealed Vat*%, The "aoIfc mothod that in uawl is to intmgrate accelera-
tion owar a certain tiat) no &-v to distinguish 'between propr fring and
accidental aeeleration such ams hook in hardli.ng, an Particularly I--'

accidental dropping of the rcud.

A typical acceleration device is shown schwatically in Figure 20
IL ~ ---- --- h C. A-U;s1--%J%_---

arunged that they must move back in seqrenoe. The device Is further
so arranpd that if only some of the weighta have moved back under the
actiom of acoeltratiaA and the acceleration ceases, th;y all return
forward so that the fuse cansnt remain partiatly armed. The restnimpng
sprins also servo to increase safety because they set the threshold
amleration that is rqpired before in slements will respond at all.
Datallo of same of the aming systm will be described under the
qpropriate fuse headMg. La out-f-LUne detonator in universally
uloyst becase it iS peerully considered that detonatcors ars less
statif them other o*oinemto of the explosive ste., The ovideame
that olectrie detonmators ae, in themlves, danprous is vM scanty.
The writer )mows at no aoe vuru an electrical dntonator was exploded
W V ome other lhtu apLied electrical energy. This does mt sean
*at heat duo to a ?,ire ou not fire a detonator, but beomuse the
detonator is normalW surrounded by hLta explosives it is doubtful that
ftg prosnt. U7 Wfitirnrl hag#rd over t.a generarly s4at1a4 ,ttnd %h=

hl$-e losive sh1s are subjected to a fie. The eleotrical detoatms
a used in ehedeobarge rounds, ied ot be of the very senvitive type4,

Ai* s ld make tiav Waoer to haMe thaz others of that gwral classi,

The above remLar relative to eleetm.,e detsturs h .uld be coa
iderably qialified i the oas of , ori rounds. Ln eev,-. shaped-

charge Aives, grass actim i.. achivd by it mechanical stab-primer which
ladeo e, wlay of load am'id* whiehj in, turn, "plodes the main elactri.

al, tonator, Secause al t~o "~nai-Lvity of each an arrnumunt,, out-
r-UlJ nm are a qufred. it Is alo possible that high-voelocity

i0aOt Will ftntion en elect±o detonator. In "thM field, th.rforej,
light-wall amvattion may be hmriouly Jeopards.ed hy str'e frapenta.
rgs W not be true in the oase of rounds with very thick valls, iin
*ih the detoator is uwly prote4d from ayW frapents but thoeo of
the highest velocitis,

A simple method of obtaining bota *1.o4n~* arA wixaniMo. amaing
in to vlace the detwiatcw- into a movable r~wrier h am % mt4xfl cyl1inder.

enl 1,Al.i a single motlon, it is posibie to wligp the detonator with
the r-at of the Al '- tai and at the sae time to clone the
electrical oircuits, In the NvafO position, the detonator can be abort-
orou-iedt, or left unconnected. It has been stated that it would be
deairable to kaq the d _to t.r -hortcircuited -when in the "aafe"
position. The writerm are of the opinion that if the fume ia contained
in a wmteW- cave, this is a superluoun reUirmen because there is mo
poicsible way in which an elsctrostatio charge, due iu ext± t ca.Aea.

', I , -
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can be accumulated inside i completely uhialded -inlvc- . it is aaa,,,ted
of course, that th" electrioal arming system is adoIuate to prevent
galvanic cutTenta, or pirazovle,:tric currentz due to set-back, from reach-
ing the detonator.

T20
This 4a oe of te arly pam alnamaetwio fuses. In the orlginaI

model, an Impulse-generator-apacitor syutem was employed. A photograph
and schematic of the original version are shown in Figures 3 and 3a, The
genrator conita of a cell approximately 1 inch in diameter and 3/A inch
thiok~q wound with very fine wive An alnico, magnet, 3/8 inch In dimoetr
&d /2 inch long, is placed indide the coil. On sot-back a multi-
mi mt device releaes the mapet, which moves rapSU3y out of the coil*
m. produces a high-vltag pulse that charges a capacitor. To prevent

the oapadltor ftr =b*qAent4 disoharging back thro the cail a
hr sdust switch is m tdn t path of the allco magnet so that Uhe
cw. cS WoAt Is timed to we,. 3iat after the apao"itor has been ftly
cbarled. I* capacitor then h lds its oW gs unti1 Impact at uhdih Use
t ,A Q,,,,-u , ia wwvitch diischargs the capacitor UN,'m to deta.-
atop. Althau&h the vwr ftzt fume of this " wcMed, miseqent tests
were eztvemV.y umatisfactw7 and the fuse was abasdued because of Its
relative camplai y U ospnro, with the barium tit-mat design.

A photograph of the compoents of the brn titanato =06 Pae
is sam in 7lper i . This is the latat model, deiaLated VOW7.
~M safet of the fuses is baid on~ "he trVww-load set-back device
sa"i hw ipre 4sa, The imarva are made of alw.aiam for Ltghtmuo
because of the very high mcceleration of Vis round, and ar interlocked
by mal steel pinso which can be seon in the phatoigrapho, Bach loaf
to held in its forward pouLtion tT a small spring, and the weight of
each leaf r.$ sprla combination is much that a nt-back force of
4OO g U, raquired for the leaves to move back. TMh third loaf of the
s*A'i* releasem the arminq rotor that caries the 41inoator, Fric ion
Uiwbea the rotor and houising prevents it from tund# va'il "tback
drops to aboit 100 g. This assures bore-salety. Without aw additional
delay mechanism the rator tinror in about !. milliascomla ad therefore
arms thi round i5 feet from the o'm.uize of the gin (in the 280 fps 7108
round). By the addition of a smal flutter mechanimn, the rotor can be
delaed no that the ,atu. i a" at 25 foet frut the musle in a 1000-fs
r-uji, Tis is the lowest velocity oonte~plated for this fhse.

u.a side of the detonator inm grounded to ie entar Una u-bi,
brought out to r4 contact epring which, upon anairn g, makes oontact to a
statilopar tormi ne. %@is tnr 5=aL is connected to the barium titanate
nows element Trhe fuzte is contaLned within a heav' teeL wa2,,i.* t , _
the detonator b1,.ct if it should e8xirlode in 4U., out-of-line pIUe .
A sual1 thinned-out 5eotion of tle barrier plate separates the detonator
irom th'3 bootr A coupler the e plosive eleaenta In the in-linm

145.
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poAU-310"* Orglay a pellet of' tetryl was plaod in this dIepreaqion,,
buat xubsecpaty the unit haa beta& siodifled by rakiikg t- hrag hole in
the barrier, plate and later preusing la a gilingmtal ilied cup* Th
±\ise'triggering e~nment is a disk of barium titaaate, 3/8 inch imn
diaetv- wA spp%=1tv3y VU1 Inch WakeoI It, is mountol as is.atm in
Filpmr $'* A cap of rubber av i±L' atoial Is placed ovvr the beriu
titAmiati sc a wa am to fill the space betwee It ard the agive.
A floi~o strip of metal is puushed thmou& the rubber "- as tv form the
eeottiaa oommstbmc betweea the top surt'aos of the barium tittnatAt

av 0"^ oives The rvbpor Fravidii 1-0= tc- :ia Itiinu - _-- _W

and me to prateet tho barium titmat. elemnt in w ugh, hanCLtag of
ghe r.d At hieaocit~v Impact with a tarptp owr,# t)n rubbor
acts 4w a vtigi Aament and tvamsiits Impact without substantiAl
attematica

The luer sor ase of the 3n'aW rests an the iner, Ima1t4s cora
*16h somea bot as a svpprt awl as part of the electriclal crcuit.,
ismlated wine is comoimted to the bottom of this cons vad passes
tbrMa a metal Gookit which s wigiu53 r attached to the tiMer owrao
of Mth aial, #mlnrV 7Wi wire termnates at is ocmw1in am the
base elament. Ow of the difflaultis a ntor~d In proviiiing La
elsoeal owwatiasa tft. the fmat to the bak of the reumd ua that
ft "1 vales of aaoceratlon me a mMnmiwir* oioaumutie diffi1.cult

to awe.s A rather str'ong vi. made of 7 #28 AW ."~ads of Mv
In2 amid cred with 0.0310 inch rqlon lauMLAmon was fma3ly devoloWe
ad# by theo use of the ieir oi as part of the o9roit, was kept an
dort "s peossble.

Thise il Me~ aSU g m ,uemt pewforl"1106 in prolimnary torts
adl at 60. preawit ing Is I lr intia stages of larg-Salsro
ftotlea. trn ?lwe *WA@u prneu eIauu 116-" of.- the 65m
710 'tmawl oqaiapd with the T200 -fuse 1qpwtiig apainat .5-isch wr
Plat,r I" rho"SW uer tahen at qnpi'olmately BOO frmi& per

to-ec-A e- th9a "A loolty of Via- rmuwlJ .Mtm o N% o" Mom
and the *eooy of the pmnetration of the Jet clan ben stimated. The
fuse Wor3u satisfactorily Up to AngUN* of Iat of 650.

A, WWIa atIoa ad' this sound in --m (eairly-19:,) in th) process
at be~ dmovlpod and willibeedd#4 to the perodutioiuue is tha
low WONtuS It ZoAuIstie oft WotsutusdMass attvAch to afiring pine
(fte ?±paz' 7) On Impaco6 the f.nsztia &-'Ives the firing pin into a
eteb.semitlus yimor Uth pWer, in turnt intiate fa'4Ue-sensitive

r~uof 1e&4 aside. The l.44 isida relaq ezplo~as tha e.letriaal

rsxt±I~rdl tram xa-vift util the ;rotor iaovas to the in-line pioaitiono
A mW1 vaipressoUm xprinG kespa -the inertia wei.ght frco crevying

fervard during f-L.jts and tiuuu roin e d 3IcM-3. eniMrw "_4.h the
.'~ving wiiht dmvlopm du-rjg the dacleration cLe to & as ame paoto
klterp'at.u thne lead aside reJ.q- can be replaced by a Waitus titmnaie

=vmr.1t wdh oepreaved by the primer r~~. prodcium~ ela;triwa

rO'NFXJ.)ENTIXAL
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FIG. 6. TIO5II169Drnnmiitabilia~sd HEAT round* with TAOVU,? fimtox fired againat 5 Inch
grmori~ ~ ~~ lae Abedee Przvin c£flP, k 5 jadnuarv 19 51
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p.se that can fire the matii aw,onator.

The M40). basooka fuse is typ,.Ial of the bore-riding-pin arming,
mohancal-ner-in fss*e. It is shown dia~raatioally in Figure 3.
The bore-riding pin is held in pluce by an inretla weight when the
roud is in the launcher, tYotp firix4 , Ite inrtia wei ght releases
ths pir.. -whioh is then prevented frot le;ving the round by the wal
nt 6 wm~ h% In the "e. Inw -",,@ the tk'hj the M" 4 5.... ote
sidewsay Vy a epring, aid the fuse is armed iieditely %fter this.
Upon imact with the taret, the rnuid in deoeler1Rtq4d, and the
Inertia mass move@ the permission pin forward, fireee the detonator,
and thus initiatea t49' exploion. The inertia wei i s La not fastened
to teh firing pin, but acts through a third-olUe lever rystem,
multip.ing the action so that 1 motion inerement of weight causes
at3ut 8 motion incrwmmnte of the firing pin.

ftmes of this gneral type have several inherent disadvantage.
One is that there is no appreciable safety dalq after firinp hence,
contact with cLuflae or the b!'nehee ef % tree en cause an early
An toen. the bore-rsding pi , being an abernva erated dhrice,

prevent the comlete henistc sealing ot the fume mad whil. rubber
palsmted caps are emlOyed in shlpmnts, m sta ice end orr @on

have to be oontimally fought in sh Gseip.. his tWe of Nme
also Wfers from the dimadvantap that it is vtry - 'ficu t to oake
it operate preper4 upon praing isiact. ?Igwe 9 liowu what Aqptin
when iuoh a round impacts very obliquely against the tarpt. Abe
force o)f deleration ander such conditions hav a large eccanent at
right ang).as to the axis of the rouidt and under eertAin eonditim
the frictional force ltuu o side acceleration) is sufficient
to irm*nt th- tr.Lht fba sliding fwvard. This is also a difficulty
encountered in providing graz actLwn ft aloctrica. fuses. everal
rothods of -n.iiisiiL this ft tiom have been tested. One is to use
am " two istaol ball in place of the sliding veight. as shown in
Figure 1Da. Another im tt provide a linear bafl-bearing as shown
.,n Figure lOb; still another in the camd-rod typ shcwn in Figu-a LO.

~A2O ~hweu ~d~e e Einr tho ftlot4i al fr'e n the 1"Ortla

weight, al4so inoress the oeleit" - . cost of the roand.

The geatest disadrant-Am or an iertia-weight mechanical fuze,
ho-vo-r, in 4.t f'la. action. Aamra, for example, that the weight
bha to move 0,1 inoh to funatie4 the primer; the nose sectimn has

PaLAlMl| te grenade we±ti, 5 rcundw and has a veluvity of 200 fe
Thia mOaMi th.t on bmact the shll decelerates at 100 g, or 3200 fp5,
The inrt:lA wightq then, move forward through the 0Al inch. in
0.0023 eecr-1. The 8hell is therefore detonated after the nose has
crushed sabout 5 inchaac. This rouri caiiputatior. awwwaau U'Ait Vhl

V.ocity of the _1! if:±era negligible reduction during the inmact,

1,57
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An electrical fu"'e, the 72fl30, for this 3 1/2-inch rochsts inbeing dvelowid (am pbotogpph, 4ure l, and 114 It is similarto the two electrical fiume -;7r'rousy described except that the -et-

back weihts are heavier and move throuph larger an-g.! a _ --
patd by relatively softer spr1as,* This is beoaase of the lower
value of acceleration encountered by this round. Originally, the.
was specified to Initiate armig between 300 and 400 gomplete
=%Ing was to take plaoe between 20 and 35 feet from the 1aumher.
Work was undertaken on an .mprovo round which reauired release for

Sbstme 900 and 2200 g. The acceleration priod wa shorter,
necesitating a reduA in the nmber of not-back leav - Onvs
the set-back leaves zease the rotor and the acceleration drops to

mero, the rotor is restrained b a system. The delay is pro-
vided by a starwheel and oellatialt flutter mechanism which
is pared to the rotor,

The luc) elemeAt i hmspherioal so as to present a larger
area at the point of Impact and to all the mode of pelarisation
most favorably to the ipact stress. beequently, however, further
stady and teats reveal that a suitably mounted flat disk may be
superlw, sim the ratio of strained area to total area at Impact
may be lar r thean the corresponding banspherical =ft. The
unstralned part of a lue]k does not ontributs an enerw to the
external cirouit and behaves as a capacitive shunt, reducing the
snera available to the detonator. he cost of the flat unit appears
to be about 1/10 that of a corresponding hemispherical unit, making
it particularly attractive.

j The grase element which is being considered at the present
vritig is essentia2ly of the inertia type, with two variations
(See ires 14 and 14a). Variation N mber 1 i s*2mpv a aliding
weighted firing pin, free to strike a primer when the round is
decelerated. Variation mmber 2 is similarly a weighted firing pin
but resting n a c ed srfao sothat the force normal to the axs
of the round due to a g~Laning Iapact can assist in moving the firing
Pin Into the primer. Becauue of space cmiderations it was necessary

4 to louts the prir back-to-back with the detonator. A longtudinal
blet-bole al.oag the primer and detonator directs the primier flaus to
the lead aside relay located at the most sensitive spot of the detoattr.
This entire aseably could be replaced by a ombination detonator, were
one available. As yet, however, there are only experimental layouts
of such an item.

At the present writiag, this fuse ha passed its laboratory tests
but will not be put into production until work on the shaped charge
head in completed and service bta_ tests can be run.

CON F!EN'VL4
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For the T184, 57m fin-stabilized round to he fired frWm a
recoilless rifle, a fu se very similar to the T208 has been developed.
Becase of space considerations, the base element is of smaller diameter
and somewhat longer. Again a multiple-element set-back device is used
as the safety, but in thi3 case the set-back leaves are arranged in a
single plane, as can be seen in Figures 12 and 12a. It is believcd that.L%-. lr .. . .... - - A - L . Lt.... .
WdiJ., .LUaL MA afLgirGiWjt LW OUM&..U- W4 ULM~ (HIMVjJLV.LIJU0.Ly U%%4;L.LUUU JjU

that no int.locking pins are employed, the angles through which the
leaves rotate are greater, and visible inspection of the assembly is
much easier,

In the matter of tho electrical connection, however, a radical
depx rture from the wiring system of the T208 is being tested. (See
Figure 13). The copper liner in made with a flash tube and mounted
so as to be insulated from the body of the round. Together with the
inner cons supporting the lucky, it provides the electrical connection
between the barium titanate and the fuse. The fuze is provided with
a special terminal which plugs directly into the flash tube so that
no other wiring is required in assembling the round and a very efficient
assembling procedure i therefore provided. It is hoped that a similar
change will eventually be incorporated intu the TI08 round as well.

The general specifications for the T224 fuze are as follows:
The nominal acceleration of the round is 12,000 g; the fuze must releaco
for arming at 4,000 g an arm not less than 25 feet from the muzzle,
ad must fanction at all angles of incidenco up to 650. It is also
being pr.ovided with a graze action.

This is a fuse desig,-ned for a low velocity round, the T37 rifle
grenade (See Figure 16). Accelerations encountered by the fuze average
1200 g for 4 illiseconds and the final velocity of the round in about
150 feet per second. The fuze, show. in Figure 15, is similar to the
otheer electrical fuzes previously described, with the appropriate set-
back weights causing its arTing. A wide variety of graze mechanisms
have been proposed and tried for this round. Thus far most of them
have failed to function the roun, consistently on the first impact,
particularly when hits are made cn soft earth with very little obliquity.
This may be ,nrepresentati- 'e of service conditions. but it. an excellent
* -i o~ry goal. 111m design that is most promising uses a spring-
londed firina Din that ts', -.. . "+ -.gger d b . "t. d member
The energy necessary to fire the primer then can be predetermined, ad
the graza system can be made as sensitivu a= dt=jxed. Initially, it
was intended to inclde delayed arning asnd a graze mechanism in the
fuz. Hawver, due to the argent roquir-zents for an armor-piercing
roriy. t of thi type, it was decided to veleane th. basic _ue firSt

hmr th, .. t the c 4 'tiona! features for incorPor-tin in the

-, .t AMA ionl .';a
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fuze at a later date. Beca'ise of the very low velocity of the raund,
and the requirement for proper functioning at large angles of incidence,
the rubber protective shield has been removed from the lucky and a
rather large lucky is being used. The fuze performed well in the
initial tests and is, at the present writing, going into large scale
production,

Footnote

Barium titanate (BaTiO3 ) is a hard, light-colored polycrystalline

substance which looks very much like china. The composition which has
found greatest use in fuzes contains lead titanate in controlled amounts
for improved high-tomperatzare performance. Its dielectric constant

of approximately 1500 is somewhat lower than the material used for
ceramic capacitor. It is prepared for use by mixing the component
powder. and pressing them, while slightly moi.st, into the de~iirecl shape.

The green units are fired in a furnace at about 130 0 C. A silver

paint is applied and fired at about 690 0 C to form the electrodes. The
units are then made piezoelectric or polarized by applying a highi d-c

voltage. Voltages of 70 to 80 volts per mil of thickness are used and
the unit is immersed about a half-hour in an insulating liquid to pre-
vent sparkover and corona. The units are then ready for use and .emain

active permanently as far as can be ascertained, deteriorating only
with teMerabire in excess of the Curie point, which is about 1200C.
The application of a stress produces a potential difference between

the electrodes. If a load is connected, current will flow and produce
electrical energy. The following general equations relate the energy,
voltage, and physical characteristics of the material.

Voltage output, V - 2.2P t where V - volts, P - pressure in psi,
t - thickness in inches;

Energy - 1.1x 2 F 2  . ,

E - energy in ergs,

F - force in pounds,

A - area in sq. in.

*ata from Franklin Institute Repori 6-16-51, l-15-51, p. 2247-4*
Information compiled from Properties of Piezoelectric 3arium Titanate
Ceramics issued by Erie Resistor Corp., and article Journal Acoustical
Society of America, Volume 24, No. 6, p. 709, Nov. 1952, Electro-
mechanical Properties of BaTiOG3 by Brush Development Company.
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Because of the low velocities of the rifle grenade and the

3 1/2-inch rocket grenade, experiments are being made with a view
to the reloc. tion of lucky to the rear of the round. It should be
possible (thevretically, at least) to transmit a mechanical shock
through these rounds fast enough to detonate the rounds before the

nose is appreciably crushed. The relatively weak ogive in the case

of both the rocket grenade and the rifle grenade is such that this

is somewhat difficult to accompli;b. However, preliminary tests

using a fairly rugged structure are encouraging. By mounting a
bariubm titanate crystal in the base element, backed by an appreciable
mass of metal, it appears possible to generate enough current to
detonate the fuse by a transmitted mmechanitoal shock. If this arrange-
ment proves to be practicable, it would make possible a single compact
assembly of the entire fuse with the concomitant advantages of com-

plete sealing, siqale pac" aging, and simple assembly into the round.
It is interesting to note that the T37 grenade itself was developed
in conjunction with the fuzo and has special features of assembly
and construction for the support of the lucky and of the base
element. This tendency to parallel and integrate the development
of the round and the fuse is, in the writers' opinion, highly desir-
able and should be encouraged. Too often in the past the fuse designer
has been confronted with an existing round which is far from optimum
from the over-all engineering point of view, and has, therefore, been
handicapped by inadequate space, poc'r location, or fastening means.
Intelligent c~romie between the vehicle and fuze parameters should
alvays result in a more soundly engineered and integrated weapon.

FIELDS FO. FUTURE WORK

"One Piece" Fuzes

There is little question that a single compact unit fuze would
be most desirable for the shaped-charge rounds. Many of the ordinary
fuses were made as a single package and depend on the deceleration
of t3e round for actuation. For reasons stated previously, such
fuses were generally too slow for modern weapons. A promising field
of work, therefore, is in the development of high-speed fubes which
can be mounted at the base of the round and which will be actuated
by nose contact with the target. Experiments conducted at NBS and
alsewhere indicate that if a sufficiently sensitive fuze is desirned,
the mochanical shockwave produced by contact with the target can be
e,.loyed for triggering. Unfortunately, there are many difficulties
in this approach. If the ogive wall ia thin. the amplitude of ihe

shock is quite low, ad it is difficult to derive enough energy from
*U ~ ~ .. - FZ13 t'- e 4. Zi -,r, ..4 ql4,;

ogives are one possible Polutici, lat ., have the limitation of

adding unnecessary weight to the round. More sensitive fuzee can be
built, but they require much more sensi tive detonators, and the beast
detenators, presently available are probbaly . --ough. Electronic
amplification, particularly with the use of transistors and very small
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batteries, may be worthwhile, particularly in the larger rounds. In
aTW case, the problem of triggering a base fuze by nose contact at very
high speeds should be worked on intensively.

Fuzes with Long Standoffs

Because certain charges in combination with certain liners appear
to g:ve Improved performance with very long standoffs, there is a
fruitful field of work in fuzing for this application. In the case of
bombs and other very large projectiles, VT fuzing is entirely possible
and has been the subject of' experimentation. While no fuzes are now
completely engineered for this service, there is no doubt that fume
functioning can be obtained for any standoff frum a few inches to
many feet with fairly good accuracy, and if long standoffs prove to
have the anticipated advantages, this should be a fruitful field of
work. Other methods of obtaining long standoffs, such as extension
probes, leader projectiles, and bouncing mechanisms, are at least
theoretically possible.

Hand r Rifle Grenades

It is conceivable that shaped charges could be effectively applied
to hand-thrown grenades. This would mean that special fuzing designed
particularly for very low velocity impact would have to be developed.
The experience with fragmentation hand grenades would, of course, be
applicable here except that all-way fuzing may not be required because
the shaped-charge grenade must necessarily be oriented at the time of
impact.

The National Bureau of Standards is now experimenting with a com-
bination rifle and hand grenade. While this grenade is not now designed
for shaped-charge work, it would be fairly easy to modify it for this
purpose, and it may serve as a starting point for the development of
armor-piercing hand grenades. The fuze is of a simple inertia-weight
type and should be Antirely satisfactory because of the low -.elocity
of the round.

Detonator Research

The study of initiators is of particular importancE
probiem of fuzing for shaped-charge rounds. In the writ , pinion,
the present knowledge on detonato.rs is far from sufficient %-though
ver rapid strides are being made to fill in the gaps. T-he design of The
prr.2 detonators is auite archaic, and a great deal of work is
obviauslv indicated in oimpl:fving,, miniaturing and reducing the cost
of electrical detonators suitable for the mass production of shaped-
charge fuzos. The present electric detonators, or initiators, are a
tLhrow-back to the blasting caps used in industry, -rz! thoir d!-ign is
such that the cost is 5 to 10 times as high as it should be. New
detonators. designed specifically for autoiatic production, for
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machine insertion into fuzes, for auton atic connection to the circuitry,
etc., should be developed.

The business of connecting a detonator into a circuit by bending
two pieces of wire, tightening them under screwheads, or soldering them
in place, is indefensible. A very appreciable saving in the cost,
safety, and over-all elegance of a fuze can te achieved by radical re-
design of electrical initiato:*s. This work would also be very profitable
not only to the shaped-charge field but to the field of VT fuzes, mines,
baub fuzes, and all ordnance where electrical initiation is employed.

Another important field of work that should be pursued is the
investigation of the safety of electric fuzing. The argaments for usirg
in-line md out-of-line detonators should be carefully reviewed. Con-
siderations of safety against fire, shock, and accidental application
of electrical energy, should be investigatad without the bias that is
present in the field today due to greater experience with mechanical
initiators. Because many shaped-charge fuzes are buried inaide the
explosive cavity oi a round, safety from fire may be easier to achieve
than in other fuzes. It is, perhaps, possible to design electrical
detonators which are as safe from shock as the main charge. If this
is so, requirements for cut-of-line detonation may be eliminated. If
verylarge amounts of electrical energy are available on impact, such
as is the case in certain lucky fuzes, the usual drnpers with sensitive
detonators way not exist. In any case, the recuirements for a safety
mechanism should always be examined so as to produce the best over-alA
fuse from the point of view of dependability as well as safety. This is
particularly true in close-support weanons, zVzch as a prenade round
where a dud is much more serious to t1e usinr r,:rsonncl than would be
the equivalent condition in bombs dronned fror nif cr-aft. Also, te
large quantities in which such fAzes ire built iako econo5ies imperative.
This may be particularly serious in the case of a najor war when many
of our facilities will probably be destroyed.

Production Ingie ering

Since "crash" programs are the nor,,al mode of existonce in the
development work on new fuzes, relatively little opportunity exists
for modifying, simplifying, or reducinr the cost of fuzes for shaped-
charge rounds. Too oftAn, the first fuze that works ends up by being
the production model. This is quito d iffnrent fro:., the conditions that
obtain in industry, where basl.c designs are little modified ovor a
period of years, and a groat deal of effort r:oes into simplifying and
reducing the cost of the production items. Effcrts t- simplify and
improve existing fuzes are, of ccrrsn; always being mwi; but it in
the writers' ovinJon that the intensity of such efforts should be
increased and that definite dollar or cents aoals be set up in the
redesign of existing fuzes. Perhaps contracts or special prizes coulh
be awarded to industry for submitting the best redesigns of fuzes for
production. If it is possinle for suppliers of the automobile industry
to engineer and produce a complete door-lock mechanism, a mechanism that
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wkuJId meet al] military zqiecific itions for corrosion resistanco
vibration and shock tents, for something liko 90 cents, it "hould
certainly be possible for a sihaped -charge nize to ho produced f,
leass than one dollar. 'Mcdorn methods of assfmbly m)huld bei
emphasized, toeth, with the Rvoidance, wherever poqsible$ of sl(
operattons suwh as lathe aind a illing-m -chino work.

It is difficult to undnrstMixl why a proenot T208 fuze costs
ulmost a munh as what the irKlustry pays for an olectric ateAv iron
w1ich 1s coi tricted of aluminum, stainless steel ani bakelite; which
is provided with an eloctrical heating element and ai adjustable thermo-
stat; and must ,ithstand temperature fmd corroolon conditions far in
excels* of those required of the fuze. The argumentm that the military
specifications are far more stringent than those omplo d by civilian
industry are, in the writers' opinion, not borne out by the facta.
Thls in not the plao whiar the pnmulbli roaso,,j for the hit coat of
orflnanci) should be dincum5ed, but cortainly a contimial and 'hormfi
investiption of the coat factors is indicated.

THE kLJ I(CA HTFLE GRziNAZE

to fi norga rlfle grenade is an anti-tank weapon provided for use
by infantry and othor rifle-armed tropn. It is primarily a "close-in"
wtiapon using a .73 lb.,l 3 iich diamator conventional shaped charge.
Tle overall rrenade is 16 Inches lon, winha 1 IV-, 7 oi. rind had a
naximum range of 320 yard .. il, 16.

The fuzem uned with this aanrdo tie tho perounaion type and are
known an "spitback" A.'. Figure 11 showm a 1odel L9 Mark 1 of the
ruto dootgnau for direct action on impact and Pgura 18 hrci a Model
L9 Mark 2 dentgned for d.eoat and gra.e action an impact.. On setback,
r f.oring to Figuro i whi..h appearn to be Ute latest model, tho 1.krmng
sloeve overcom es the anuing spring, frecing the -tool balls which hold
the striker away fro the dctonator. Iie striker Is the. held off the
detonator by hi striker -pLng n,. Upon impjAt, the striker im
dIrivon into the detonator which rfre, and ".spitn" hc-ck a flash to the
main detonator at the base of the grenade body through a central tube,
The main detonator initiates t he booster pellet. which in turn detonates
the main IM filling. The striker hasd is of tungstun carbide and has
a Jagred edge which is claimed to dig into armor and function the fuse
at angles up to 60. On grazes if the strller is not contacted, deceler-
ation of renade body ond fuze housing causes the detonator and striker
guide assembly to set forward and function the dotonatoro The model
shown in Figure 17 operates simiiarly to that in Fipuro 18, but the sot-
forward iorce due to i .P.. .um... L......... t.. .
strike the firing ping

An additional safety device is inicorporatod ino tie bauo of the

grenade boy. The shroud, shon in Flr'iro "0, in assrmbled into the

enadz body between the fuze and tho main detonat-)r. It fits over a
t -,i Lbe, d is ..... by raised studs which ongage in zig-zag!
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Grwm BAA. A/T No. 94 M'.

* Fux Percussion D.A. 14o. LQ MKI

T r a n i t C a p

Body

i-- Cone

Iqiernal SamUty -- Flliq

Device

Distance ace
$)".n~ator Iost o .-.

Tell Adapter .I
Tall Tube

Etunmtor

No. 107 Nk1

Tall Fins nF Rubber Pad

K.- Cartricge

.... Cork Plug/

FIG. li(. Enarga rifle grenade with pe uamrlion fure
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Fuze percnisin0, ).A., No. L9 Mk. I

7< n
On Friring

Sa fa Armd

FIG. 17. Percuasoo jitw& - dliect action type
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chrminels ,, in the central tubo. In the safe pos iti-,n tlne shroud .Bs
held by a spring wi Aich fceens the studs tn tho dead fiid of the ashiter
chmne.. Cm setback, the shroud move rearward agalrs t he spring and
oscillates abowt its axis because of the stud engapsiment with the
shorter zig-zag chamel. This oscilltIon Bimilar ',o thm notion m a
wheel and patlet escapemnt adds a time delay to tho action of the force
W thertfore prevents operation on instntaneoum shocks. Sinilar3y

when the shroud reaches bottc and afetback oeases) it is moved back by
the eor.ng withi a time delay controjed by the longer zig-z ag path,
When .t emah* th4 ar of t track, there is no further oonstraint
an rule spring ejaoto it into tho frcg a..L j- of the body clearing the
hole for pesuage of the omoe detonator Orpit".
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CHAPTr VII

THE EFFECT OF hOTATION UPON HIAPED CHARGE JETS

Louis Zernow

Ballistic Research Laboratories
Aberdeen Proving Ground, IMaryland

Historical Introduction

Although it was known before 1940 (1) that spin stabilized shap!-
charge projectiles gave much poorer penetration when firee, dynamically
than when fired statically, this was attributed for a long time to
ipoper fuze functioning. It was not until 1943 that it became apparent.
almost simultaneously to the British (2) and the Gerars (3) that this
deterioration was in fact attributable to rotation. This was verified
by 'oth groups (4) (5) by means of static spinning experiments.

In the United States, the Explosive Research Laboratory, and
, (6), (7), (L) took up the study of rotation after the British

experiments were reported. They confirmed the British results and ex-
tended the work to include experiments to evaluate methods of overcoming
arZ reducing the effects of rotation. Studies of trumets and hemi-
spheres were carried out by £.DR.L. as well as the initial frnted liner
experiments.

Following the end of the war, study of the rotation problem was
ointinued by the group at the Carnegie Institute of Technolog,. in
addition to C.I.T., the Firestone Tire and Rubber Company and the
Ballistic Researrh Laboratories are the other two groups of investigators
now putting sizeable efforts into the study of the effects of rotation.

The physical effects of rotation were found by the early investi-
rators to consist generally of a "spreading" of the jet observed opticall,
by the Germans (9) using multiple Kerr Cell photography and by the British
(10) who fired rotated charges vertically at night. Clark and Fleming (i)
,eore the fi-.r- to study the effects of rotation by means of flash radio-
Frnhic observations. iheir radiographs of jets from rotated cones and
hemisplores confirmed that the physical effects of rotation were dispersion
and fragentation of the jet.

IT 1951 the dcvelc.mcnt at the Ballistic Research Laboratories, of
tho wire driven rotator (12) and the application of improved flash radio-
t aphic t~cc.n!,es to O5qnm charges (13) made possible the study of the
effects of rotation on a scale large enough to show details of the
physical effects of rotation upon the jet. It becamc clear at that tme
that the deterioration of a copper jet could be followed through several
distinct stages as rotational frequency was increased. The evidence at
thaf. time was, however, basced on single x-ray exposures. Since then the
development of a trinlo-flash X-ray system (14) for studying -ets from
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J.argo rotatod chArgen has made po3siblw an extension of tie proyloun
work i'hich has furhor cJ.arif-le thp details of tlih, deterioration
pocesm. ThIe sequencei of eventb as the rotatonal frequency increases
is nhowi in Firpres 1, 2, 3, 4 which nhuw the effects of increasing
rotation upon tho jet from a 105,m copper limr. The deterioration
proces., can Ni broken dovrn into the following distinct steps.

1. The jet, which is n, rmally continuous when unrl+bted, begina
to b-akt up into separate pieces alonv itm !tn-h,

2v As the rotational frequency increases, the cross section of
the jet starts to deviate more and more from a uniform circular shapt
aud shows evidence of deformation into a ribbou-like structure.

3. Thur is nally a definite bifurcation or aeparatlov of thx,
jet Lito two essentially parallel jets with each jet broken into
separate piecoe. When the bifurcation first appears, nenerally the two
portions of the Untrcated jet me.m to Ile in a plane of bihroationg

h. Increasing rtational frequency cutee the plane of bifarcation
to be diatorted into A h*114Al xurfa.

The ifftreation in ths jet appears to be m mnviataA witA a

"s494pmll rrjiano which OnprKis on the arihal r,, fts, bfure stions

have n-A been sen In jets from O5m charges rotatod at 15 m, whexous
%JU jots frt l0C5m churg,2 rotated at 45 rpa show bireation ca do
meet Jets from 105rmn :narea xotated At V0 rpm.

The Ineitenc nf blfirt-'Ation Is clearly associated witli the .mopponing
poruoh of the peneration fall-off cuiaes, (Fiure S) Finally te 'platewi

rgion usooiated with the highest spin frequencies indicates that the
later mod:Licat .ons of tht A.: tion procsea contribite vary litL,d to
further reductinn In ponqtrl.tion. It _-k! v"'igia, Ly nonjootured (i) that
the original bifurcation wakv perhaps followed by bi.urcatiom of eact of
the new portionn of the jet. Thia has not been ruled out but the obser-
vationa on thm target plate (5) upon', which thin we lases can ja1i) be
m.)laLnod by the dimtorttion of the plane of bil4r\ tion into a helical
8il'jRV4e.

i:t was pointed out by Vi)ck in 19h3 (2) that rotaion could result
.&nPi .malforned jet, Rotation of the liner would nwAse ax.7 ou.ent of
the collapsing liri4,:: to miss th. axis (Fifrers 6) of the cone by &ik asount

60 r

2
v o e ro

5Thic expression wuld be morc accrrately writte. ' -
cf. ngure 6,
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pt a wat d ¢ictance traveled by

rN

l~ r I ilI

r radius of jet at time t

ro, Initial rodlue of jet

FIGURE 7

VARIATION IN CROSS SECTION OF A DISC SHAPED
SYSTEM OF NON- INTERACT1?O PARTICLES STARTED
I*"VR INo7IAL ROTATirA AT so RA1iANS PER SEWXJ-EP,
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rher r' - the misso distance 7 r,

r° M thp radial distancn of the liner
element from the axis of the cono.

V0 - the collapse vAoo.ty of tdi. liner

elemant.

6 w 6he aeirn'-angle of tho cone.

co - the vingular velocity of the lier in
vad anu/sef:ond.

This tvoud result in a hollow jet. This malformation could cause
a drastic deoom. in penetration if r'becmae large enough. Thus on
this basis, Birkhoff (16) atimated that a 3" dia. linar would show
appreciable deterioration due to this malformation at 100 rpm.

Birkhoft, uuing a difforent approach which negleots Initial rai-
formtiot, of the jet, has estimated the decrease in the penetration from
a givwn alomnt of a proper.1.t formed Jet due to thi increase in cross
seetinal mrmea resultinr IY, the expsion of the jet due to r-tattem,
A. very useNl discunsion of Blthoff' work hais been given br Shoftald (1).
On the asuvnption of a fluid jet rotating initially with an angular velooiL',
w radians/secand he rtidw that th ecross anctional aea (of tho jet alamant)
will grow with time according xo the relation

At'  . ,2 2 t2 - Ao (I + J3Pt2)

where A - initial oroes sectional area of the jet.

A - crosn tioIAII .1uR IL f.Ame L.

a ihiLlal r.-dus of j(t.

- initial angulax velocity in radiiui/second.

t - tbie in seconds from start of jet upriad.

Tris relationship is also valid for a disc shaped system of non-

interacting part.else and can readily be derived from the construction in
Fonly" 7. The , in croom 2ectional area is eq.ivalent to a decreoae
in the average dnmaity of the particular jet element, This remalts accoro-
inR tn penetration theory, in a decreased penetration by -that lot element,
"inco the penotratior: p Iz proportIonal tn Ir. Mroforc, if the length

cZ tho elemcnt olf jet :;Wo assuned to be unaffected hv the rotation Lhen

p. is proportional to--., and

the penetration a-, t.-Iie t wll ho to

VA
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The elapsed time tp measured from the formation of a jet clement
ad te start of Jet spreadIng to final ihmpact of that jet element on
the taret, Is given by S/V where

S Uia alrmoff for the p .rticular jet eleent.

V - the velocity of the particular jet element
aaesumed to remain constant.

8hofUld, folloving Birkhoff, defines a constant, % characteristic

of a particular Warge and stadoff for which 8 &vd V for a particlar
jet e fm-nt art thas defLie.

Therel'o'u .etting

t.-

0

the fiAl d~iywnsioxles expresuion obtained by Hirkhrtff bo(-'es

Rprimental data relating total penetr:ation and rotation can be
Wry readily fitted (17) %7 means of a B1.ricoff equation. It was first
Peclical. y pointed out by Litchfield, Betitel ar4 Cc.iehlborger (18)

that since the BI ,k)loff equation was derived for a given jet element,
it r.I tritial4 raithr surprising that Ua, +rntal ponetration data ahoult
b raprezntablo by uch a functin:.l form, since cois elhrly nt a

constant for all jet elegents of a givun conical liner tJedorgoing odllapse.
They give the exprassion for the "constan+," a), for a given jet e]ement

in terms of charg:ii parameters as foljows,
T v. 5 * n4 P/2

0

ijwd e~au __e-_,andamenta!. importance of th'in re.Intionsin. its

given b% Appendix I.
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where r n the thickness of the element of liner.

vi- the velocity of the element of jet coming th'ough
that element of liner.

- the c vllapse angle.

R - radial distance of original liner blement from cone
axis.

S - distance traveled by the jet frc, point of formation
to point of impact on the target.

Since co is a function of the position of the jet element along the
jet it is clgar that the total penetration will have to be obtained by
integrating the differential contributions due to elements with different
characteristic eo'S. Hence, in general (e.g. on the basis of steady-state

theory) the integrated result will not have the simple form of the Birkhoff
equation.

The C.I.T. workers have presented plausibility arguments (18) for
the approximate constancy of w on the basis of non-steady-state corsider-
ations in the following manner: For conical liners, v decreases as R
increases from the apex to the base of the cone. Therefore i should

decrease, slowly at first and then very rapidly. Simultaneously sin 2 /2
~ould increase slowly at first and then very rapidly as one moves from

the apex to the base. Thus, the compensatory variation of these two
factors in the co expression will tend to reduce the range of variation

of co over the liner in the case of non-steady collapse.
0

The fact that the simple Birkhoff equ:tion actually does fit the
observed data, is considered as evidence in support of the idea that
co does remain ne3sJy constant.

SCALING UNDIM ROTATION

Birkhoff has proposed (16) that for scaling comparisons of the
effects of rotation to be applied to geometrically similar shaped charges,
the correct measure of relative spin is w d, where

co - angular velocity of the projectilo

d = con6 diameter

and that a proper cir'elation of scaled experiimcntal data would require
the comparison of dimensionless variables like p/d and T/d, where

R- penetration in cone diameters

3 - +.hickness of liner in cone diameters
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;&nd th, propirly scaled relati.-v :3piv, o ,. For an actual rrojec tile
w d can bo conveniently obta'.Ined fri the reiation.

(o D v/1

in which

D - Kd, is the caliber ol ie projectilu, K.
the ratio of caliber to cone ditumeter
being knrImn for any I6iirn projectile

Y a the .muzz.Ie velocity of the projectile

I/n a twist of riflinb in ,wrns/caliber

IAun, if w in xprl3sed in rey/sec., D in inches, and v In feet pair eoond,
thencoD (rps x in) 12 x vx.I

Birkhoff (16) summarizes tho argwi'entu for soaling under the transfor-,
mtionn

K * vht \, -C~ae Fac t(W

T h ) t X, x - position coordinates

T y T,, t tim o .rdinatrm

V, V velocities

Tho w niiptAnn" thO, iupport s, h an argument atre'

A. The .lier behaves like n fluid.

b. Thortw conduction, ind radiationi are of litlnor import-eno.

co Stibose do not depeond on strain rates but only on strains,

tbperimenta' nvldonn nl,t.nined by (Rl with h50c nteel lirnor- (7)
ganeraI4 favors this viewpoint., Fikgre 8 :lluntratos the OSiD remalte.

The disagreement evident in Figure 8 between the scaled penetrations
at 0 rps au well am over the entiro z'ange of w d, probably reflects,
among othr factorn, thi lack or g nmotricl qcAlinR mong the projectiles
compared. IVL in evidont that if p/p wore plotted as the ordinate, instead
of p, the ageement between the reuts for different sizes would be better
than that shown ii F'4 mr 8. Hence; tho simil.ar1tir of the two curvs

,. a the;. ', d _ ,ndnd an appropriato scaling) paea WiAr.

DviatLons which occur are at least, in part attributable to the fact
that cciparisonn in sioTe, cases wore made wlih charges which wore not propurly
scaled genmetricall., lThev.o is a ponsibilityO however, t.,.t ctale effects,
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dtlh 3.L prvator Insi-Liity of the jet f.-wn f% thinner l:ier* an well as
strain x'atu ofocta iiy ajo contribut, to the deviationis obsrorved.
in some' e.".riiieritq. M ore ca'.,efulI.Y dos 'gr~cd ;,x)1orirnonts are negided
to eoitablian tho oca.lne facts fiom the experimenta~l vtolfloinL andi
Aiprovements in the ",-r+ of, scaling" may ultimately- bring Whe e~xerimants
into comiplete agroioment with the tI ioratica1 predlctins. For the present
the scaling correlation~s smipgovitr by Firkhriff offer the safest puide.

An &TIp~rical acaling corraiation line been prorosed by WItnn,
(19) which d&'oj not use the BirkhofL' Scaline reIlntion, but Lnateaa
assutes the penctration law

L K w pa

Pu

u) rotational froqeiioy

K n proportionality constant

r.0 apanatration whom w - 0

This le'mdo to the expreseia

1 - Pw *K w

Po 2 a 0

or(p.. P(I) 0 9 0  . po $of (l P K kp 0)

Thus uinat po - pto In the actual lone in penctration thi fisoknm Khat

the aammrtion iv baeig made that the *aotu-Il lore In ren reitLen nt any
spin rat* to. proportionakl tu the square of the unrotated penetration IN,,,
On this basin thor* la drawn a set of aurvr aC thn rr

*W p 0 (1 - KO) p 0 ) A .fr

whi&h relate the rotat4. penetratiai; p,, Wo te unrotated penietr'ation p.

Pfi-er"asktee v e iat I ndi natii onA deo ~n~ 1-. otIxti Stalkuff
(in reine dia-Aerm) for Erialler c~OleS AS; W0 I nor-I plate evidence from
flash r~diorraphs thait auggweO the poncILA) it of relatively earlier break-
up for smafller rcones. These notions should not prelentiy bo considered as
fltrml-v astablia~hed. They do, hzNaover, warr~ant additional careful Lweinti-
giation.
*Nica U th ip and tail velocities of a Jet should hq independont of the
caliber the eirain rate~av/bL) at a gi-irm jcot Ieng-th, should vary ~iveay
With the na.1ber, because tio j0t. length shuuld vr-r -rctly with ti,
caliber.
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In cciparing poiet1,,At IonsI Vrcxn rotatod 7=r cone: with penetrations f'rom
3.05rto conclu, it iJ.'7zm thait tho prorinEid coryalktiu1i .Ai .Invalid baiyofld
45 rps so that. predictiomii ro-ast I liited t.o this~ ra~nge of ixii £ZN6-
quoncies.

I$n'onttt e~y, LJ41w rn' mTh data w~-4 1.in data were not obtained
at the same scaled stwndoff, the 5",mn, data haviz'g been obtained at
cons diameters standoff suvt ti lOmn ao~ at about 2.2 coum~ diamteris.
Therefore the rk, d mcaling rei'AtionLship sliould not necasigarily be oboylidj,

arindeed it is not,~ as can be m~ean from Figure 9.

A more rational atialing procedure would involve starting with tthe
Hirkhoff equation P

aa

a should vary inversely with the cone kdismmae aine the thickiaza me,
de .r~ius It A~M Uwe elemontial Oatkuf i., utwiad all trans,,Oorm auoiJng
to

X X-

hatera v.i nna~~ Herve the Itviom~*al form for w qae ka la

of the soual* factor X. shouJA be
0)0

0

cons with twice the 57mm diiaetor if thvir pcnatrAtionM Xre comparuld at
the a-vme scaled otwandorf under rotation,

ALI the penetration rotaktion drta, i-f it vioalas should then kie
correlated with a mingle expirosoion nf. the formi

whre d w cort diater p

eb the value )f w fo*,r a none of unit "'imnutur under the pre-

meribed standoffA conitionrv.

Thir expression contAina 'the scaling relationship i the form
r c~ ired by theoxy.
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CURVES ILLUSTRATING N-CtLMG 10TAT1ON DATA WHiICH MAY
BE AlYl qIIAOLE TO FAILU14C 10 SCALE STANDOFF
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It is apTarerit thit ono ,;hould not expect soa'lLni ,rdor rotation
to follow if The unirotattd penotrtions do not scale. hferice in order
for the sealing rel-ationshir, to r. applienhIM nt 11l st~andoff's J+. iS
necesmary for tho unrotated dLmonOionless taridoff penetration curvon,
p/d va S/d to be: !Juntical for atl. calibers to In , cmpar-ed. It may
be convidered that failure3 to meet this criterion is an indklation
either that the Eec4,itrica. scaling has been improperly carried out,
or that factors vuch as those previl-iily mentioned (thickness and
etrain rate effects) are preventing the proper acaling.

Another point of' interest is the apparent failtire of the simple
m,' d scaling to adequately corrolate tJie data from liners of widely
different sizes at the highest rotational frequencies. The apparept
flAllue of the 57mm and 105n correlationa of ru/pq vs aCl 'It the high
frequencr and is apparent in Fifnire 9. How much ol this it due to
standoff difforrencoa in not pr sently known.

5 caling data on copper llnorslaw 'con obtancd most ritcotly by
Firestone* over thn fairly narrow rangfe of cone diumetors (20) from
2.90 to 3.5 " and the data when plotted as pu/Po vs vd (whire v
rnt~At.1nn'il fro-poticy wi'ich P, VP 1n) 4fVy ri t tj'n r~' Jr&~i l
qtcte well except possibly for the very htp values or v, Li which
region the original penetration data for the 3.5" charge behaves
strangely, Their resulti are shown in Ftn.,rv 10 - When ccsared with
thb ltujta for the 57mm niar w4ioh 1'u to b, foueW in MYL [3'! o,, p. 340A
it ts again apparent that the romults sup .rSt a possible failure of the
w d .aling law at the very high apibt frfkiancivhu.

If the apparent deviation from the (,, d scaling law at high values
of w d turns out to be eAl, it is believed that an eyplanativn for this
will be found in the obaervationu whi;,h ha\, 'em made on the details of
tho deterioration process. xpcNrimento aimod at. %,certaining the seal-
inp rulativnL in tho ' in ;,i-.% lu .h4In, n..rried out but have
rnot y t heeri compi.et.i-l. Tn addition, oxporimonts involvi.ng Sttidies of
exi'eets ol .ir,!r thickneso upon Jet stability will be of interest in
interpreting, these results of rotition experiments, since if jet break-up
-&I iifluenced t, Uiu liner thickieoas indeper,.r-ntly oF size, uarlier jet
break-up of saill liners could be contributing to Uie amnWlouis resulta.

In summary, for the designor, the use o ( d as a scaling variable
for predicting the resu.lts of rotation upon penotrat:ion appears to be
the tvst av..l.ablo bisis over the range 0 - 100 rps ands 57mm to i05u
caltberr, For highur spin frer oncies it fe still thie test guirdie, but
ea-r iceinA1Ql vea1.C:cations are recorwiunded its a u:huck on pxidlc ions.
Tt is oxpactad that nxT rimorits curent.ly under way will elisainate the
,nc-r ainitl..s that exist for the highest values of c d.

~1i7T~i-at efui to Dr. Huh Winn of the Firestone .re and Rubber
Co. for making has data available prior to pu."lcatinn.
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'IJJB k1'}LT OF~ CUNET ANG~LEI UPON Yi, ,NJ*!hAT1.0N Ii!DFMT RtOTATION~

knAn O/sn s o f Itie M'-fc -f Co't kuag).u CUl L't at.Lu-ITtnv ill turrin
.1' the ))araxnb3tor (1) 0 by tiylyng to datonnine thoe t.ffort ,)I e,(rlk InfrlO

a.pon to M ThitZ by diffora1 iti ~t~nly o with roii-act to'

and hence if z, remalni constant

d THS 1,V sin 012 coD 012 Is + tdn~ PA, V~al 0' 1 ' P,12 [R 31 + F1

It would h,% neooniary tA p'riiuata dA d dS

and for corrowpondlipf, elemwnto on tho JeLte.. r mnpuxrod, Itt in var'y
aircki to if,~ 2IrJitUIub tju WIP f'L1ow~l1J( Lp1MiL.tAtiV(e AnfAlybiP

can be madim.

1. An a doarotneT Lncroanris.

2. An &' docroase~s d eecreaua

It w,111 t~liareforl be annamod taL t~o ,i rrt. orde~r nmo~ition the
fl'wcratorTV Din Pi/2 i.m~inu constant bocaism of' the Comipundatory

vDaiation of thu lout two faa&.orn. iu'r,iro

3, As 9 denroA.nou It ramairiu mpprox~matoly conat"1nt.

4. As 0 decreason 3 Increases.

Tbrfore the denominutdor of e1 nerpsec .Aith Onretaing 0.

woul~d Und* one to ex;"'vt an incrnaned 8ux,81t4,.vd~y A) !3;11411 alpl CQI1".
tv% rotatinnnlA doter ioration, Thim iLB oont.r.riry to 'Whe Ivediction of
hick (2) on the basis that the m~ins dist.Fine c e r, , is aimalier

If 0 is saaler. v vos 9

HIOWOVAlV a more c'arefi-.'. analnivi of ThNciJ~ formulo. shows that
altugh .0 does :tndrped become sma1).r fnr decreasing U thernir

cone angh. rosul~t~s In li greater efI'ectivn unodoff for the jat alemont,
fromn bhe point of fozrnaion on the Ax~IZ1 to fina&. targot impact. Tie
allows cnrre.-_-dzrxLV, ryoatar devJht Lrn radially at. any' 1vt.-il vc'.u't alorip
the "Is. Therefore becamse, the collAelon point fo"r Jot t'. nnu La fri.ni
c-nall rll Conles i.; nourer the apo of tho cone) iLt su±'Scr,, -a snaLer
Thck typo nmalfo.,%natit)k but the sAme Jot e, ,-morit nfter £onnal~ion rmiut
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travel a greater distance to target impact for the same reason, and
hence suffers greater radial spread after formation. Hence the con-
clusion drawn from Tucks equation seens more uncertain than that drawn
fram considerations of to0 . At any rate, considerations of the effect

of 0 on w lead to the expectation that small angle cones will be more

sensitive to rotation.

Experimental Results

The experimental data obtained during the war by CSRD (6), on the
effects of cone angle are not easy to interpret because of large ex-
perimental dispersions. However, the general conclusions drawn by their
investigators are essentially as follows:

i. At short standoff the larger angle liners show little deterior-
ation due to rotation. Howeve.-, since their unrotated penetration is
relatively poor this is of little practical value.

2. Because of the increased effoctive standoff (due to the
increased cone height) of a small angle cone, it is more seriously
affected at a given external standoff and its penetration is therefore
not appreciably better than that of a large angle cone (6).

These conclusions are unfortunately not as specific as would be
desired by a designer. Additional experimental data which has been
obtained at the Ballistic Research Laboratories using 105mm charges of
a given fixed height at a standofi of 7 1/2"1 which is near the common
built-in standoffs for amimunition (' 2.3 cone diameter:.) are shown
plotted in Figures 11 and 12. In these curves comparisons are made of
the unrotated penetration and the penetration at 45 rps, as a function
of cone angle. The results within the range of variables so far explore'
clearly 'indicate an increased sensitivity of small angle cones to
deterioration by rotation. From the practical viewpoint of the designer,
the best cone angle from these experiments at 45 rps appears to be about
450, even though the smaller cone angles gave better unrotated performance
and the larger cone angles showed reduced sensitivity to rotation. These
results are consistent with the crude analysis in this section. However,
caution must be used in extrapolating to other conditions. The experiments
which are being continued will cover a much larger range of the variables
CO, arnd the standoff for various cone angles.

In summary, the designer can expect to find sall angle cones more
sensitive to rotational deterioration than large angle cones under
standoff conditions normally existing for amj , ition. There is nat
safficient good information on the cone angle effect at large standoffs.
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THE EFFECT OF LINER THICKNESS ON PENETRATION UNDER ROTATION

Theory

For a given liner diameter and standoff, the liner thic ness enters

the expression for co in the numerator, i.e., Wo V S . O

V 3 other hand, the other factor in the numerator Vj sin2 P/2 would be

expected to decrease with increasing thickness since P should decrease
with increasing r, and v would normally dectrease due to the decreased

value of P (which makes the collision point coordinate system move more
slowly relative to the ground). Hence the effect of liner thickness
upon co would depend upon the extent to which either of these two

potentiall compensatory factors V, and vj sin 2 P/2 dominated the
nuerator2

Thus if the numerator Tvj sin2 P/2 increased as r increased, Wo

would increase with the thickness T. Increasing w would result in
reduced sensitivity to rotational deterioration singe a higher rota-
tional frequency w would be required to give tho same fractional re-
duction in penetration.

Conversely if the numerator decreased with increasing T the sensi-
tivity V) rotational deterioration would be increased as r increased.

bince it is apparent that the two factors in the numerator vary in
oposite directions in such a manner that they tend to compen:ate, one
might expect that the effect of liner thickness upon wo might be

relatively small, and perhaps of second order. This analysisof course,
does not take into account the other possible independent effect of
increased thickness, i.e., increased jet stability with respect to break-
up. Such an effect would, of course, tend to make thicker liners less
sensitive to rotational deterioration.

Experimental Results

There have been very few rotation experiments reported* involving
liner thickness as a variable. Those which have been carried out up
to the present time seem to confirm the expectation that over the range
of thickness studied the effect of thickness is not of major importance,
and that the penetration performance of a uniform conical liner under ro-
tationi, within the precision of the experiments, essentially unaffectMd
by thickness.

*The author is grateful to Messrs. Eichelbcr~gir and Litchfield of the
Carnegie Inititate of Technology for making their experimental data available
prior to publication-
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Improved nxperiments, with r,.-tr:i c.;' u Lakon to r''uc, d., p r ion,
W111 1)(1 rfap -tnei to (' .2.qb.i .!I th~p wi.91xonv and rigiiituda of the thtck-
ness effect in rotation. 3op~aau experiments arc~ reqDilrod to an-,er-tai.n
the cantributiollp If aj~yp o' tho li'ier thick Iesn WA. chATkfga,.X ,f

Otability to broe-.1p. Stihob vpr.1montzi are uncbor way fit tha B&llistio
Research Lab~rAtories and at Carnegie Inhtitluto of' TeohnolcQ, but at the,
ti~ii of thist review tLhore are no definitive rasults., The best coiirae
for the doaig1ir1,' at this tijji, is to treat the thickn~ess var.Rble as if
it haa no effect ur"rotationni ponetration, and thAt the best perform-
ance uncier unrotated conditions ohould detemrine the thicmoeiys.

THE DFEC' OF STANDOFF UPON PENEMATION UNDa 1HOTATION

There has recently been completed at the Ballistic Rosmart~h Labora-
torite -a vexy oinpohensive experimental xtiidy of the *efeut~ oil rotaktionj
and standoff upon the pmnetration of heevily confined l05mmw drawn copper
liners. The moat usefual way to summiiariiic thia i tudy in fo present the
exqrm~mntal roeaults in jp'aphictil fnrn, Theme are shown in ritmr 13.

Thoue results can be considered tyj)Aiual of good linors ,Ainvac the
urotgaterl performance cf ',.% ! Liiua .QnpM&'' favorably with Via
best remults evrer r'eported.

Thonceue'lusions of valun to the dsigner, vhich hy b drawn from
theme roiaulta aro am follawai

* i~~. T1hc Pantati-iw at. a givnn atanff drren;s T:tovnly

2., The swaidoff corranpontilng to joaa)t penritaiori docraapao as
the rotational frequent7 Incroasoft until at thiq hig~i'wnL freuenncs
used (-P40~~s rptq), the aptiunt stAz~o~t is only a few imohois.

3.At, low v:)tstional frepuenceis uLioul peinotrationoi are -.,btainable
nrn mi, the lardeut u%.adoffa dLill) tised. The 1mplic&tloi,& uf thla
revilt are important V er the problem of defonse by spaced inmor.

TWM EFPhUT OF LINWM KALALA UPON PENiM2'ATION UNMkM ROTATION

T here have been penetration oxperiment. ccaparing variou3 liner
materials under rotation carried o~~t by 051W (21) by Fixostone (229,(03)
and by Carnegie Inatitute of Tecinology (210. In addition,f)ahrdo
graphic jet atudiaee have bann carried out oy the Ballistic Research
Laboratories. The nenotratton ejxperients, generstlly lead -W the non-
clusion that no matmrial ntudiod so far offers any Atriking Advsnt awaa
over anv athor maitorial lnaofar as r-.)tat..'&onai efxects5 are concarned;
the predc:Lrant rolo of' Lhu uoiotated penetration rikake.4 capper still
the propnr chioi , ror penotration purpofiuzz aceording to via pelnEitrntifua
experiments,
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The flash radiographic studies by the Ballistic Research Labora-
tories have indicated a basis for expecting differences in the behavior
of various materials because of the expected dependence of the critical
frequency for bifurcation upon the physical properties of the materials.
Such differences have actually bcsn observed. These studies have,
however, not yet progressed to the point where conclusions of value to
a designer may be drawn. It may even turn out that bho differences
which seam to exist may be too small or may require the use of strategic
material for their exploitation.

THE FFECT OF LINR SHAPE UPON PENETRATION UNDER ROTATION

It has been suggested by various investigators (e.g., Birkhoff
BL 623) that trumpet shaped liners might show increased repistance
to deterioration by rotation. This view is based on the notion that
since the trumpet liner is on the average nearer to the axis of
rotation than the equivalent cone of equal altitude, it ought to be less
affected by rotation.

Experiments by the Carnegie Institute of Technology several years
ago did not bear ut such expectations. However, experiments which have
been carried out at the Ballistic Research Laboratories using trumpet
liners with peripheral initiation have indicated that one can indeed
obtain rednctions in the deterioration of the performance under rotation
by means of a trumpet shape.

These experiments were for some time plagued by an inability to
reproduce the experimental :'esults. This difficulty has recently been
traced by Lieberman to an inadvertently overlooked mechanical inter-
ference with the late collapse stages which has been eliminated. In
addition, asymmetries in the explosive have also been shown by Lieberman
to be of importance in hindering reproducibility.

A comparison of the most recent performance of peripherally
initiated trumpets with the corresponding cones of 450 apex angle is
shown in kigure 14. The performance of electroformed trumpets (peripher-
ally initiated ) is compared with the best drawn conical liners avail-
able at the Ballistic Research Laboratories in the same caliber.
It is quite evident that the peripherally initiated trumpets are resist-
ing deterioration quite effectively. More complete coverage of the
pertinent vari!bies is still needed, but the effect is sufficiently clear
to warrant consideration of this system, in applications involving lower
rotational frequencies. This system may be considered competitive with
fluted liners in this range, and may have advantages since there is no
peaking of the penetration performance at a given rotational frequency
but rather a reduced deterioration, the performance improving monotoni-
cally as the rotational frequency decreases. Tha possibility of increased
sensitivity to loading asmmetries is a disadvantage that must also be
considered. It should, however, be possible to overcome this with care-
fi loading techniques.
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The, f lBa radiogrphij ojr itho JoiUi shon iLn Figures 15 and 16 bear
out the Inrireamed remstanee n? thli; orystm to rotational dutriora Lion.

In order to minimjgq the affoctm ef rot&tin Vit in log~~oal to
atart tto collaps as mear tht "JAs me possible9 ' *.g.0by the use of a
cylindrical liner. Ths earlimust re-~imld xperimeutit ol1indrical
liners "i those of the Britilsh (2.5), The group at th1e Bauisktic
Rtigaro liiboratorAmu, unalwario of miah experluents startedi A nimiar
inveAtption in 3.250 (26) &m4 since that tlits itmtigators at
tranktoz Arsenal have also atoked thepoblem and have prociaaed the
wave eheping Rystom which so far has given the beat ponetrati~n port-fonmzo. This posfr'aaios 1 'y~1 D haimsrp arol the reproduciola~ity' hm
both bee= idequM.e

The mkilo prob~ma JA the iimestigat'eInl of oylipdwiceul irars ars

1. Deimling a mqsue whose -mrotated prormame will otimpse
favorably with that of a conical lliwir in the isms projoatlitiv

2, PerfectIA# a WM,' Ihv gy*Umtm whli will be mffioientlyrepotoe toewae a"*stgtj of oWier paramterm

* TVA advantagm of a mian 4iAoe al~irloaa liner anet

it 2N' ovliw~r shou~ld ai~bIt a high ability Uiwwid~t da.e0or-
atim by' rotation,

%mmI~e is potental value In the pooibilito' of making the
psiUtstiot ftvgeu vpm) projectile length rather t ptojoUI. Woa r,

3* Ihe SIM~IoiMy of the lescmtry uhomIA have alvitntages frc
the proftsa Tiewpoint.

The possible dimalwantages of mah a, lieT' ares

1* Iserp high iweciaior wI.U probably be reqmir'e4 for Lh cylind.:r

*As uram MspJJ4 myut is racp~rsJ u&O'2Ord1g t4 present 'Aeoipm
to get sumiyff Lvter2al Into Caa jet to PA*e a sisoab'1. hole diameter
which Ii 'aiintial for lathality puinoime

Ya Pevent deim hwxe iq to thiS timee givem penetr'ation per-
fwr* -mno no better, than he-lf of tl %t %a-kie~dh ai .eoiY In tw au=

Fr~oigure 11 aowa the appearance of the jet fram jk 4" long cylindrical

11.nr who"e Intecrior~ d~amater Is I"~ md whosc exterior dimieter is 1.1h
A. Li ra .ieavily ;,oAfLnmd 105uia body.
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gur 16 ah~i tha hole J.n mild steel. by avich a jeta

In. nbww, the dsentgr F4'Ltd 'b.. aware of two dv~ p t
invor', L42±1r Ma Jpe aimed at reduciLng isensitivit' to ruoi~tiona'l dateri-
oratiun,, Of the two, the sysai,, involvtig, truzupete with arA ithout
peripher~al initiation Ui much xitorxer real'iviti on and applicatio~n thani,
'the wytwA im-aeitng ifi c;Udrienal. 11ror with a wRT8 4aip tevi*
b~oth ofi th&wn 5731*08 twhoiud be (4 itL.Rplmhod frc'ii the fluted liners
.14 othe~r m.1.hoda which1 are disouuaed in Chapter 7111. Tlio itter
uv tmors properly considered mohe'hu for LctiVey overoouing the effects
of 'rotton# while the uysww dinuummomi In thipn hapter are panniie
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3 A.Schfied, 18u~y n Poliawl nfomaktnn n Pe Efec cn

2.Jae L. hTuckl "?A Note on th Tbihory o QoMt.nonoe ffoo~t - C355.

Phyn/1R3930 23 Exploviv.ei Pao~t Cimttoe, Shaped Chargr SOb-
OC~ ittca Tab. 27, 1943,

3., Walter Trinkca, "Maheatical Study -.f Lined~ Hollow Chkuirgou, " Rpr
'd/6p TransletecI as OTIB No. 1464i, April 30, 194)J.

4s. "Hollow (Uarge P.otatod ikj, juLIeA, byop kv M-AC3907, SG2" Adi'iasory
Vlanoil mn 8cientifio Pkmearoh & Tochnio&. DitpI m nt, ?Q p
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W Ilh to fin At n .xMPi'uOra tho Offect of' rotation uponI
Pevotratiam of a Dmical 11mr. Oinoe a non-steady oollapio theory
Oemm to be reqpir'ed, only elmetal rbnp oni the ckvm will No considered,
Ia A&~in tbo one wall will be atimmxed t~o No thin whever this
vmept'Lon sores to be desira~les

Leia - anigulAr velocity of uncon~apsed ocrus

It - radius of uncllapsod ring

r 3 radius of the ring &Uttr collapse

- anagular volonty of cu!lapiied Ping

d wisal th.IokmW. of cown

* ollape azgie or t ,m cone

5 s temdotf for the rina element

vi Jolt v4th-ity rif jot mlm~mnt -miming fromd ring,

a v mans of ring .lwmiont

Wj a maue of' jet *,Lument formed

P - Pamoeint of ponotriation due to Vti6 ring eleient
wpmn at anguiar vitivelty (4

PO-poietratioAforir4 0

A -orcom -wct-Inal. arcia .P LOo jet

Tr m ae tha thG anvuzA +Yii 4 h ritan !n,,!. co-

served we :ian write at oncej

1W I11 A,2
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TAkI.g Ume in-Itiri1 conf Ism rat Inn to be a inm inyin iftl QqAvdb

OMl~ (at +110 axis) to be A eoid qliivinr wnhal

I J 2

I ~mJrA (3)

Substitutioni nW these quantitiva yie:Jda tbe relation

2 1 2

Iwi to mut~ t-h rauhium of to JA. at the target we Can alipla t1kURt
th~e Amsa Itsu abjected t4 a centrifuagal force due to Uw rotiAtio-n W,
the jet aJ

Its"(5;)

i, r 0 2
J Ji 1

M~t fr~ (4i) we om ind do m ea (r J to obtain

4 11

T o Polrv a thi0 m we Ist, v -rj. Th on d

d .

r

~iherce vi b - 4 RhC 2  r b arbitrary ronatant

drA v~1

II'itoI Uff.!iy o
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To qr^1vx~ !!o th*cntri t, AMd 0, wo LW~CA tbo i~nAta.i LUA0tioni I
drr

0 i

1ubLtitluting in u~ ~id ucWvU4,t f'or rj we "et

2 2 ( It c2)

Auuiming thAt the denait vAn length of tba el~n do m, t c a. I
A. moves fri= tbA original p-Daltlon to tMa axis we can wr'ite

Also, Wafco sht Pte the '1110v to'~v~*kn 't

P AnK) A d

n r~ 2 .~* d sin' P/2

nr 2 R d a~~ W (jj

Alav,q Lbm Ums~ Wi. u~rmwait rIoq Ira to react thiu target in
apprindAmAily

tE (14)

IEf we ink, 'the pomtratioit elemenat as irrveruely proportional to
-the jet oroza-vati-:n we get (I~e., for the expa.nding Jet)
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vhem'e r~ 4.. ioie radius of thin Jo~t At the terge: IIlnobI

2 12
p 0

p1

0 g 4o 2

w Ir. 0 1 A / folltwo from. oubtibt~Aln

R I
a? rand fro (13 %rA(14)
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CHAPT VIII

SPIN COM ATION

R. J. 3ichelberpr

Carnegie Institute of Technolog
Pittsbargh, Pemwylvania

hw title of this dhapter will be interpreted literally. %he
chef castet vi be a discussion of fluted liners, the moat ex-
temivoly i-uivetlyJ d Mane of compensating for initial Ppin of a
shped hare ad its liner. Other methods of eliminating the
deh-Sntau effects of spin winu be treated only briefly. Means of
avoiding, rather than ellminating, the effects of spin =a not
tballistic problms', and wini be sectioned only for purposes
of w& aating and ompqaring the present and potential practicality of
aL nma of dealing with ths prolem of epin degradLtion,

Preneut reqzirent for spin-cowmsated liners are lr g y
detereid by the spin rates of the spin-stabilized H.S.A.T. rounds

win field use. Thee vary only al-ghtly for rounds of different
sinj eegs the 5?W& H*.A.T. has a spin of about 210 r.p.s., the
7% ad 0r round have spin rates of about 380 r.p.s. to 200 r.pie.

.r is preaegtly a trend tovard higher muzzle velocities that woull
&Ua spin rates by as such as a factor of two, and some w

Muds crrently under consideration have proposed spin rates as
bh as 1200 r.peo. Even fin-stabilized rounds scetiues am slight
9sPIn aaly of the order of 25 r.p.n. which is of considerable in-
postee in large calibre rowads (see Chapter VII).

AMUMw~a BLckeroudg j~Wl=

So far as in known, the dimelopment of fluted liners for purposes
at spin moveansation has been carried out exclusively in the United
States. Tb. original suggestion is credited in the literature (1)
to Lims Puling but has been made inctirendently by mwny other -peraons
intrsated in shaped charges. It in Iteresting to note that the
basis of the suggestion has been similar in all casee and is not s1- i-
fic&an% related to tbe actual nechanism of cowmation.

*They. include:
(a) Means of stoppine the spin of the sall ner the tarrot

(e.g. b -eana of vanes or peripheral Jet engines).
(b) Means of preventing spin of the charge and liner whl,-n

allowing the shell body to spin for stability (e.g. by
mountlng the charre in bearings).

a) - 2--iminaion of spin by ,.fe_ f:in stahilizatona

A2d of tbheo methods are discuer. briefly near the end of this ch'pter.

2-5
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The earliest expzrimental wo_.a oa,-i out -d"-g-- W-1. Wi II
by the Explosives Research Laboratory. The results obtained (1), (2)

indicated that a spin compensation tendenc existed in fluted !irers
but was opposite, in direction to the anticipAted effect. Basic dev.lop-
ment since the war has been carried out largely at Carnegie irIti.tut4

of Technologr (tince1948 ). The early work at C.I.T. proved the
emistnc of spin-compensation and revealed its true comlexity. Most
of the effort has been directed toward an identification of the -I--ysca-
phenomena responsible for compensation and attempts to reduce thee to a
tractabl, form for detailed investigation.

In l90, the Firestone Tire and Rubber Company became interested
In spin-campenation &i conection vi.th a program for developing the
lO m B.A.T. weapanO. For practical reasons, their work has often
follwjed different lines from that at C.I.T. and has provided a greater
variet of experimental observaton.

While all of ths experimental work on fluted liners has been
carried out with shells spun in stationary apparatus, several field tests
have by. .be. carried out, also. The first, a premature attenpt to
apply v** early C.I.T. laboratory observations, was carried out by the
Bri.tish ini 1949 or 1950 (unreported) with very unsuccessful results.
The second was carried out by Picatinny Arsenal in 1951 (also unreported),
using same C.I.T. experimental liners mounted in standard 57mm shells.
In spite of the facte that considerable adaptation was necessary i

un'+.4 %- the liners in the shell and the ocpensation frequency was about
M rp,!.,. lose than the spin frequency of the shells (180 r.p.s. as
comptred with 210 r.p.s.) the results were very satisfying. Tiree shots
out of three perforated 4 in. (2.3 charge diameters) of armor plate and
'ten shots out of sixteen perforated 5 1/2 in. (3.3 charge diameters5 of
armor. These results are to be compared with 70% perforltions through
3 in. of armor by the standard 57= H.E.A.T. shell. Just prior to the
time of writing, Picatinny has completed tests with a modification of
the C.I.T. exprimental liner desim4 d specifically for the standard
shell, In this case, ton shots out of twenty-fesar perforated 6 in. of
armor platee The linerr teAted represened a variety of mranufacturing
conditimr. There is eridonce in the data that moit of them over-
compensated and that -. zn better perfonianoe could be expected from an
;ir rit - ixsen -pocadurs of rmfacltxrez

Firestone has also carried out fiold tests with fluted liners ldz-ipne4
for slow spin (about 50 r.p.s.) 105mm rmnds, These tests iadicat:d that
the fluted liner was ecompensating almost coupletcly -or the ep-- -,-.h

71.ICioUlti -s -vth ogve shape caused sse reduction .j, va&ati~atln
f ..... -Inclcent + as far as spin compensation is concerned).

l-' i , light, re(oiIlless rifle 'Lesignd for use on
the bRttalion level by inf_ ntr-, i: ±tk HoE.A T. :QhAIs

f' 1



nra 1ctd 1r-v ti s ht.1. jqno difforent .Crim tLliat rbtalved in thela~boratory, provIdad the, aihil diin does not ixitortae with proper Jul,
foruatocn.

havoi the v1*wpoint of oqypltoation, fie beat results that havo been
ito:.u m ra 4.u onir~e a et u rme rt~i

(char m ito 1 5/8 in . 2 ohWiyj divo term poetratton at 180 r~p.v.
(liha4-7 dtohearg# i.) ).! diamters posnetration at 250 rep~se

Thoo potenbWa performano of the 5t'a cones (a: reprevaited J) vw uoth linero
~Iviiu~.I.a1V) ~ it 4; dimtr peatraiton ond tnt .-! tkis 1051

lItuare awut 6*7 diainters, under apporixto ooftlitiot for cow1son
viWUw oe bwo. I into pi1 l Xik Aaratr ri'maltA,, a pvmotaation
of 4*8 ahapd ltoe ida3 be. readly obtain~ila frca a 57on Ne#@A,.To
wm at its tuaad spin tneqUurM oil 21 w~~. 'No Unor w ye bn-

~ riiun (spin fm.pmnzy ilhoat 200 rp.s.).

It is am pa ally, sopte t~ the detrimnxtal ifftea o~f rotat.,Lon
jw dua t- We Jju*Lrowa of owAwwrva'"cx of ualar nwnm amut tke
omponait truendaim rotatio~nal Erecplancleo of iho jet (noe Oiiaptor V12).
In~ Ohrd t. janteaot this effetito it to obvioumlyr moem~ary that a
UnymitUal (oqomIp t of vvloalty be 1iq'srtAd to emah almwnt of th I'no
ljkv Iie* wov w~tok 1a equal In iaa51 i.A*@ 01A.LtL -4r
t~imt set up by the Wial spin n? Mhe liner. A; impent, moan of
aosplighing 'lb1&s Is to find a way of uaIAj Usm eiing of the v-piVo~iv%
to p'c~os a oountor-torque on the 1vi'.

Mw baIl, of al, the r~riginal saoeutimm for' uaot f luted ltrsr
two~ )v**n thp Itdea of ni.mpJy ilturing the diroiotion of liner' ollaps., by

otlj h gurf*04 il 'N.ersents, so asn tr covqpca or Uiv twtngnt1&1
volmty ttr due to .niti*1 spin (1). Thim Ids.e i till. implietitly

DIMnde inthe the..ty of oouen*saionp but plAya, uiity x minor rOva in
most case.., 'no r first Z.flL. toitsa ini whi1ch :m ind3icutiom of' spin
ca~etioa ;,- observ~d, showed that this w~ao~ai=% v= not zat

-in 'ttiat. tho n.-H.P0W1.i4tj ON8Iti~~ n the divset.ob tt'
S(Ii, 9, heSR.. grv--p then develToed a 012017y '=I

on uxvpa.11ty of tioroubs proi~iod bV prommire of tho explosivi products
on -Um oantodd the af faet irefaoan e~ a l~iner cespent (2). This
concamt vg:; iaai mod!4d UW '.vC..T. (hWJ~o takA~ into accolvit inon-

boon proron ~oct
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havehs been ataid at C.IT. under far~ aimplea Ulca~.c an
*.bwisoeeaii±ng in =-i..pse of a fluted 13xvir. Otao, uOM.timea cafllod
Lhv O'thldc.thln" *ttisat9 is ths obnoa'ved dapandancw upon the tlhiohncss
of tte liner of the Iznpulne deJliverod to it liner element by the pjroduct
gwmii ol deton~tal4g. The secordo na-Amd the "trannpa.t" mftoot, 1. UA
dvw,ederce of the Imoulse delivered to the liner upon th~i angle at
whic.h the dotin~tion prott inqpinge on Wo Uaiiie. DkV,. of Uiha

offoct au:4 roUty dynaml.o phenaaena; that is, they oxii to be
cbseryed only JA a rntpd3.y flowing flui4 and thar fprosumt dioparturon
ftva Aohxaedwl izro1PI*.

11Ue thok-thin affect to r'epleusntod wronitaU. in Fig. 1, The
irre nomn was d.w4vs4 fr-r= the theory of shkmk vh~yo (24) and has

bea werif1 lad k* erimant (96). A -;rilmilar rneult has also been
ablaftn,ki on~ the bast* -%t itsa kint2.v (3).. Applc-.ioao t he thIbO-
thin effect to a fluted lineris also Illustrated n r4i. i.. TiA.
is"&$ erunit ar*& .110 alvqr prater cm the offit #urf~krj~i since

thethialfossnorm3. IV' Vut aiurfao. LAO greater. Ikirthorart' Lh
b lIf is diz'ected along the maz'face naoml, When the lmpLUsie

d*VeWPed at #11 Swfaca ementa m rosolWd into radial AM.

nA tvmish, as in the aase at a utatio OLUIA but khaa iat rdwlunt
Aih 01144c"b £k torcia, I.- thi ' wn .i inth oan% ba uo rcor
spin Oowasati--r.

be~ tt npoft effort mmn be re~reinent~d Mar'y by the mqaL~aia

tftnr T 1n ',,he :Lul a1 WU; to unit avrn of a linar who*. wiurfaoe
tiii4!ei 1040"i *'. rti 14 with #?h Mrt-1o af pro W-tion oX Qxvi datona-
ties vMMO amd is the ize-ilaw dolw~'rw in nom, 1-'1..J*. TI AC~ation

hs &I"@ been derived ftmo both shoek theory (1.6) and Poo kirietlem (91)
And ha bRMw vowifiti hy fow~ertment (12). It 1tv !D1ttioat £k spin
Oopwatigut because the angli, I At which the (Letontion~ wave uL'Jam
the cated variuoe is gcnera1ly, (excvpt .u opiral flute,,) less than for
this offset owltoes Asm a result, a :"t torque in prvxluod in the dtrec-

MWthmi~tiral -iatmonts nf apryi ropania.An hav" been (J4rried out
bv L. He Thomas fb) "in by O.I.T. (3.6). thoi lttvr h~llzg ah atiq.'p -

realz,; twh --- 4 " uicaL ty ThL-u-. These tiy.vatments su* biA&*d on
islook teory andi jimii.ity contskin tn-th the eiffectai to "'hich irin

c,. = "zbmn se ribed. T demvatratoieetc~ the
fwajaibiLii~y of spi uutenation. a&l Thtumam hiaa mrwn th-e poi'ilift
of r* -e*r*AL7 in dirccQtion oi" -- rwit t.irqua# 4U-1rtunO4dIr, t;Ke

4,i1-Noctivi r;q !"-- to mAke the~ mat*~rmtical troatiois trict-,hlo
preve nt thei.r applination to test cowditioasi excapt under vory 'mpecla.1
ciauu-i Laevaa At lrynmrktO the M.Athera-ftICAl theory providen onl~r a

218
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Pat Twi2pu.

I Muustratin of thau thlqoAthln offstit arA itsapnqplication to a fluited
lur. ))ma to thA va kUM.. ~.A Lnar 0iaims of impUau per unit
ar'ea deliverod b~y the W~1oc1on products toa tho liner see uper figwr.),
the impul-mm del 1xare to in semwomt of a MuTted 1inarz depokid Uvon the
sh*"p of~ tht. 11ner In the notghhwrM o'f ths *1ueotE. 'tho gvaimu tha
tlo'iikneu ol LIIsixl ~ r lm un
th',. grat~ -the bmp"Ia e aejii'ered to it.* Thm reoult, ie iUutrtted
sul-z=04o11y Ini the 1Imer 71 eur, w~hors the I .vxgtha of theM mauiwn rtmghly
,Tatpa avm Mw i~i. of ith- pu1 u.vau~A of~ tha rn-lmv!Xority
if tlv* i~apue~i, there !a In 'enor.1 a not Trvo- in to cifato the

6A iation In i divactinr' -f the aurvmid iwrmq Thee O3.ustrizticin
(,A iuW..j crnp,,iflem the empplcim-Ao but nonvear the gemerr )
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Mal1,tatlvn rg,&'4m A'xr txp~rimienta1 -rl- A"-~t ' 4*tv "Won made at

flut-.d ir6oiin fiAih2. 11lin pro-
0"dira alto Produole mnsxy difficu.1tiasg, hove'rer., .1n )AS not to data
yie2.1o aW very uuef~il remilts except of a qka13~tiv nAturew

*van thoughi a 'rirma imteskatical trna~-znt of' Mted linors
ftaw at prosan~t ~7rmote i~dui,j 1 Is i possible to rationalieo
U~ s if-OOraifLTt* 4 fanhion thi. 9Tniir- lb:. cf t:p~iliita'- uMcrva-
Idun so tbus far' with fluted .Irnrmu. Narflwtrmor., 14 ooaining
infonation gleaned from theoretiosai corxderation-t, twea nprao
aWu observations with lutod 11Wse th. following 'i:asonlusions can be

Mi The -Aeawiena rtapannible fo&" spini oo~asation (i.e.0 tMa
U iak-thiu effect &M the tx'ea.ort, effet) ar osoond-oder
in magntudc- anrod withs t4 overall eA~teot of an wTiposiw

(U.) rMa WO affecti am of OP'o~imatey the &#me naguitune e
bat ane opynsul izi 4die %"Wa the em~ltienau Audi.e

e~6-~!nt thL~ t r ar. nabry l "awly 'Mdoewon1~t or

they an. oo etitiv* & eiAsthin oan be mods dainam ,

prmopriato tesg.~ f.eding to kA~ rwsLbility of romrsa,
In dinwtiwt nF' v4yr naA f

W elU rt.-A nomiu 4e th4 Yen. gen~eral andt fuodsaanta aapots
of the, espwnwueital k4*artic wi th MWats l1mars. In the first plaos,
It mm" proven evI *tat tht. esm~ntiai e1Iaot of the fluting
f-. to InWOOS an &Hvili APUlP. %a1 Um onneyei-4n liner which, m-ndar
spWapis~to 4ionditions own be me to owpensate for the nla

a ' 4u tO IM Iopo Thus, a E3.ul~d liswr upiin at N*d*1gm
qrtium Mqenoy prwuove a Jvk w e"tI.ji 'k that xrrctw~ t; an
aZ1laut smooth 1.tior fired xtatio&Afys Wheni firid statically, tho
flut~d 14 t",r imoducts a dl1semd jet likce that fxywa a riitat~kI Nnooith
lUrAw. IizdSeet evidenc, of thams faco has tseen d..oribed maro tlis
ilakawanw 'holA ).,.nirti OlVti Jet -elocitq p~nv

tratioii YlocitlaO, *too A set of flula rawlicgrarhe~ takion mt 1 h*

tbo first direct ard Irewtourwrtible proof I hrmr;r.o

s pira~ll nr t.-O of saiaght, flutax iflA4 Pre-
P4w] y maka tha trw% etfuctha nubl y' r*WfVorrfLn ins1ttkd. ouf wm-

,A1 $ em4t thw e jj~sjl c zpariint&:t reifn1tmTt- i s

Notet Addttton# reokpl ab found e' ..x'iere~t &L. 7161OW
"alputt Ramtt. a 'I * ,-'
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plot. of Fig, 3 where exper-ImeiuLl pointt rind lnvrva RlL gj' ".-
dnthM "i-ntrtixn aa a~ fti-rictionI tf i-otAoIuaJ fruquvncy fcw Ofouth

and fluted # 7xm ax-rd lOma Urrvirs, It isa vvident that tbe behavior of
thc fluated l1nera am the Traincy Is changed iec the same as Ubat of
thg a~sivalent mooth U.narti, exwqpt that flie msiximum poertiation is
~tAind with the flu-ted liaois at. 3omo rotAtional fi quemioy other
tkum scroo the optImum ireqp.raoy boing doterwAined bq the cdesti Cif
'tu flutes, wall thaisiness, *too iiae cafs chown as typical. FPrr
OW9 lOrna linors, the fluted liners gxve a hi~ter awrargi ponetz'ation
skii thir aptimo frequency theA wao obtained with the statically fired
umoot~ lineSrs. (The ontenibhe Mnrias in ponetaton is. dive Go a
reftion In mnrag wall tbiaknvue of a cn initiaslly thioker +~Am
Optoaa diuo to ahininj of fluteal this Is not a tyrpical characteristic,
of course.) Wlt,)l the e!ft u mz' the ponatration At otimuim frreque.1ay
by the fluted liers la scmovtat iess than obtained with satitI'1y
fired smooth 1iners, but it will be noted th~at tha q~t1a troqxenoy
is M. e . (ll abore the rate of spin of a stantard ?7m fl.&.A.T.

file) t ~rimntalpoints show cc the plotd also illust~ate
Utt dw variability In pieffama~ne with a satitaoo~ily sad. flutod
lInIar is no greater than the V .sbJt7 e the 9eCiYalflt inooth
linrs*

Scaling relations for fluted Uinr. arc not yaet "Ii.4biae
Thearettola Eonhidrationm bmme. on modelling Ilaid miw to M~eet
thativ fewi liners and oharge that aie eometrically siailar In all

bh~k~e dere of cp~nsaioniubt~ne) ahc1d Waz- hit
highest~~ ~ ~ ~ ~ detv woif ethnato nobda) hudYW u1

b~eing this chap diametor. TMe ofty .xprantal wivloe ar hable
at present is obtained by, ooWariaon of irmltv with linors of different
sixes that .are not reaU4, swaeJ rspliciam Barly oxopaxibons of tbis
sort *"inod to lix,±at. tat v vow move nearly proportional to lb'1,
NAwi 0,. h#-u ninoo btion oontwJlote by w~r~c 0,t both Piretor~ &Md

rVemto i4~~ t zzears thatv oc f-f with n sli'thtly iat,-ger

than unitq, 'Ale unirQtainty of the experiienial cpartsoans is such
that the dmmart.rw from tsh4 Ut*6etical expeoi~atione ini not certain,

Ctq~ent~j 9 k~i'ou~?,a remainder of this chapter.. thea ,T4'nretical

scoalng relation V0 a: will be cipr~tett, Nt.C.1nM4va tiouijig testu ~

sro being emrried oult at the time of wi.ting, but ha" riot rmon

Im vt be rated thAt owen the moat faeor.Wblo sepling la. tt
cark b.w MMOV.1At. r;iRea a gvpat deal of difficulty in obtaiiiing

~3O~in At a~tandard anin rates wi In ierw 1 or'der to
o&,tiy?, cwajmnvation £ka a 105mm zihell,) this ratio of fljutA depn.th to
(ueWAPv diamst-&r or to. :iiner w~il thickrexv munt be a1tmit ttdiJLC- a

x.L~ osgathat have boon tostlr'd t'ob date,~.
it bas not b~~n pcoduible to rnchieve a usaWh dG-pth of ponetrAtion

CONF EN"FL.lit.9
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Firestone Firestone T. & R. Co.
6 Sooth Controls Tne .ivlutes

105M 10!um Liners
0 # - 0.006

0N '- .62

D 3.5 in.

2

0 , I , I I I I
o600 -200 0 200 kIOO 600YD(in./nec.)

SC.I.T. 0 Smooth Liners
Il ierJ. s Carnegie Inst. of Toch.

wy p a in e s
200.020

a -i1t63 in.

0~') 600III-6CO -400 -200 0 2L 400 6
Y D (in./sec.)

I1. A o t b of typical data fro 105 and 57m fluted liners, compared with
obervations for equivalent smooth inre Bt alsoisai th d orfea-are normasd in accordance width acce- .ed se.1-Ing relaio.^.- for.-
of ao0v-laorz Iz t=6he bases diameteJr of the liner in each oasop P is the
depth of penetration and V the spin frequency at which the observation

wrn mad). There are too &ew 105m data to conclude ;uoh, except that the
fLuted 1lner. perforn at least &3 well at '.."-. ztimun 'r eqency as the
statically fired &coth liners, For the 57om liners, the peak penetration
b-_ the liuted liners is samewhat less than that by the smooth lrnere but
the optimum freqency in h igh (about 250 r.p.s,). The variability is no
worse than with smooth liners, however. Relative deeradation :W perfornc-
as a funotLon of departue from optimm frequency is the sewe for fluted
and for smooth liners. LNote? discription of method of curve-fitting may
be found in CIT-ORD-R23, R25 and R261
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With regard to '&,o poxiaii24ity of aohleving compensation unt
very high r4u rat*s&, it ;j&n only be atated now tha.t there has
amr!44 m rem wc"-tik1 Unmit to th* attainiable optiiuwn frequencies.

It Lu ~ , cortai 7 ~rp Wbit the difilculties wV incrfase rqiid2.y
ts he optim~m frequency scmight Lncreaseou Certainly, the siV:I.

dnliou of flUte =1~ Um .*Athv1 ..iy1mral tolerancs used to
date suait be alterodo A gL&Lj ~i to tho attainable via-
Paeieation fr*eianw 'rexists, a._U~ iA Its mapiture Oannot be
"tlated fro% present irnform~tions it ueitp entirol'* P~svitle that

coqapration can bo aohinvad at v&luea of voD on highit me 100 in/soc. I
withit rqiring impraintinal ole

Five distinct t~pes of f2utes have boon tested to date, They
weX illutted in k.'gs )4 auvI aivo'n dooolgiatlona that wiWi be ummd
Ifmogbouat the following diroubeion, Mma. I mial Class 11 flutes
an~ toxid botveen or* fluted metal die (male for Class 'I, tommie
Oor Mass. 11) ad at wubhqr padded mnooth mata. 7he uzndu1.tiN;~ fiut*

.,cramd by '.%a 4 t ul w aariuuu hot% Ula3 ~ist III flitt13
are foavm4 h4ften MAt~hift fluted meta dies amd CI&aia IT mid
betieug caw Mlte die (towile for Cli TV mLU for C-4 V) W at
meooth mtal "too. As wil !be aeon prsnty qits di~fl'rt.

.Amlt Ak !' " vith Lhiu varuuz ty-pivi -O *lutalla

W2. .atgnifimnt flutes tiated thuai far havo boea made so thAt
(at least uc~ieUy) their depth Lacrems im ax'ly witA omit rad ium
bso* the tint. dapth oank at loust noxiinail.y be rapreanod tV7
a 0A 0 hert o' la a onnoiit for each cam. 'hk dant"ii hard bA0

11141tod' so tikt~ vVj t1ia bei b 11nall3 d0802'tbd by' five desx.gr. :&
Uuuav.ra .i ix, rig,. 5, am dafiivi an folo~oN

IA*As a *flute dcpftM, A~ a vitah radius of liner element

* ~ u v.U 'ialawau ri blusnk bgfcara flutg

44'v augle baetatsn flute (.ffiet *nd roidius throv.igh its root
C- al. oa' bIdex1.g (u'hnn matahizi flutod tooln am ie -)

SyvatMo Lwoontiskatii of~ a-1. iqe 64ign pavatauera hime not yet
been aweiiod m'ill for' k11 -Plasoae of fluvem. Tho ff 1cowinR tab'Aa
indicates which hatve bean a1Axe.d for each iqi k (U 1r4iata investigation
t7 G.I.. with ri(n Jitoraj F,, by Flyeutona ulth '.5n 1nr)

;fflotm dotall'ed 1 & zwi T4ox4 of forminig tadhu.ct= is 1olud.1.later AJi A

2,14
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hig. llmia .ypifyinw five' E~mua clns of flute dasirl. Urwn if~dioate.
41reotiorl Of O~Mpnwati've Inipulsa forall nr1't .- bara of fluteaj fo*r Cla
Ti~ Albatas, direction of cm-pansuatio diopew~a on Itider magI, at welJ. ii
# n'iribez' of nlutim.
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TV r r C F

*ota C4800 Iicated by astritike hiave be*,, Vf t&Uc31 ±4i~~gt~
bY It~Itongs of oererjnts in~ which only om ae wo woo vrrlad
inuaar as contr~ol via attinable. Tyi othe~r caimo', not so maricedo
LWo 0or more 'Ot§ Of tests AMe 140d to a bomis for corrolaLtzn, The
C.t.T. lirs sie onl 11Y nceinally 51mej Actida.y th*4r a"e about 0.2i.
smacner i~n bass. 4#Ametiii' thana tits linrio " being usesd In uhllr.

Me~, table snhou~ld Isa reterr.4 to in reading the discussinon that follows in
mmder to aseertain the ombinations to which any statement to knw frm.
*mp'urlmant to aply *mv thigutn V%~ who tca e_ ±-~ ~

FaIli r mtnj Ot~teanuttv br!i"W mwaiarime U.mi procant stnats 41 roa W
oftm of the dogmadenos of fiIutod 11nsr rperf muanft m tho prtatry dami p
pfirmuw1-3 fo~r fluta typos !j T!, TV, and V. These Wa be uunsiderud 1mu1Aplu~
futa da8i, AMI roliriW "1ula$vl7y mimp1e avicaJ lAW0. TYPe MI no~ts
follow, moemip.~ JUw becejuse of thi additi-aa varI..?l, tM&-x aq;le f,
midh is1 poculiar to thL% pnwtimar desip" All the buown amaots of' behavior~
of TIMe "M flutesn aso 4ioms"~ I*P~rateAW4

Vm ive l'p I10l~ IVg av V, then, the fn1'-.vi roiatlmm anbv% been found

(1) Vuia- 4bo For '-p~ I II ari TV *Jim optimiw. froencj or aupin
is F~im .y a linmear tfolctliAf rt flute dep~th, the magritade el

V Imvia (ropiircslato dirctLar with inecrwaatug flute Ae"th
(20)p ('). fij 1irity are found at bo~th vmrv mmal
"x large -flute dwrpthr, but thvn!- ^1 litio pr4;tlvuul lsp4r't~uce

btause of the 1w-empommation Tfrol(1nto IoU t,tb'iq to 0hg fczwr
W.t1 tte lw pmatMions taired with ths latter, vl-Ju 1jipe V

flutes hxve 1 ate yet, ravin.,od rio sy0t*matin -rMdatilcm of v 41th flute

MM IAN ~qpql"UWdatu presented in Ume following, the amperiusential
oOn4A-tLjii &- ~ig foliws

C.I.T. (57mm .11nors) -~ Tarjetri, mildJ dtool
St..rdoiti, 6 in. (3.'l chg. diam.)

F.T.. & 01 (10o5m linortY- Tm-eLo m.14 aiis
Stniff.. 7 1./2 in.~ (2.1 chz. dim.)

Mc .- prlanta c~iliion %1,1 gf focto ucmuue el~j xtent tha
a.uat1o of' oJblimi freqiancist ri d t-o au iuoh 1Rrge-r axt8Ynt Mai

Iiuvel of perl'ormanse ac~h.1i.wWM mnA the Nvarimabilit.f
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nlut* L'4h (lin.)

Vi.1Demnvdnee oft optiaa freqwwya fmn flute a.ptb for Type I md y flute.t
The bI~t ar inawooa %P bfhlw ilatvri of a fw Tmitly la

i~hlinahl-:tdugt it. tt gne&uy amfd for the". tynew of futa., For
Uw~ ?ftw 1 flutn9p both the Share Df the 3jtair aurfmt. of the UyWe anW the
M1Atn'-UOfi Obtal na ame oopaiutnt onty over the middle of the, rmn or flutt
dqt thA covered7 i'd a good 7,iner correlation Is obts~zi rver that s'a~p,
.m 94w Type I Ill4ez, thm Extarltw flute shapes beoaam prajxwwuinty onh ra
asnftS. dsPt4i Lncoaaa ovor 14.. entire rane,

all,



Cern.s1N, Inat. of Tooh.
*O I. nyeUluts$a

-# U.U'lU

'4'44O

IIm
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Carnsgifs IXnt. Oft~to '.&1 '
16- Technolhty ', - Type TV Flutem

ft TPO 1Fue l(0MA Cons$l
1;M 1kn 0 N- 0 .094

;N - 0o4 '- 0.062

D -1.63 U- 35 XI

.161
e~tA

1P~% k-- t

YN~o of ~ute of IMW*

#1 ~P4Iotot oif yVa/S on number .Lriulau ('nr TiP4. TT &M~ Type rV fliAte..
The 0-tiom t"UMA~ay he bM dividedi by flute lopth ii ar4sr to polswi
uae of *ore "~ta. The ainilarity of the curves for smai1l azt largow limpsa.

*p.O~aA..A,, ton1~~ neatly ounetaTrtt ise particualarly noeworthy. rmv
the rFtt~ne daia, ti appears that itull thiokne~w oonotdorably #ifretm
the r.1eti"t PapitdOM~ Of UIe PAWAINUMt VV.J for small andi for large
numbers of fluta.g The number of flutesm a1 which reversal Wit direction
of coipimsation takies pl.Nia In notm funao'. of wall thickntesix hoimvar.
In Fig, 9 the thickness ot the wall is taka~iri t~ autiint iavd a ainglo
cumsw o'btained for all Linore of a given~ flu *~tqpe.
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Ploto of typical data are hown in Fig. 6; further evidence is
presented IteGr in discussing a 6eneral correlation formula;

(ii) nuts g !~!!' The dependence of optimum frequency on the .zber
or lizte i too complex to be briefly expressed. The experi-
mental evidence shows. that for Types I, I, and IV, flutes tU
optium frequency.first increases with Incretaing mmber Of flutes
to a maximum at about n - 16 (17)", (22). Fu ther increase in n
produces a decrease in vo0 until, at about n a 32, no net aom-
pensation is obtained. Still further increase in n produces a
reve rr 1 in the direction of cm,'ensation; the magnitude of h#
optimm frequency increases witn inr.reaaing n, but approacbes a
satumation value for n,6013).

For Type V flutes, no significant variation of v with n has been
found (9).

A plot of experimental results for 8 -nS-24 for Type II flutes is shown
in F1g. 7 in the tests represented, only the flute number was varied
nominally. In Fig* 8 is a plot showing compiled results of a larger nmber
of tests with ?Ype II flutes (57mm) and Type IV flutes (10am); the coordinate
ae have been normalized so as to permit combination of results involving

variations in flute depth.
(iii) Wall thickesst The best present estimate of the effect of wall

hiMN-eas an compensation is that the2 optimum frequency decreases
with Increasing wall thickness is l/A . A rapid decrease is to
be expected on theoretical grounds, but *ore data are needed to
verify the form of the relation. Wall thickness has a very
drastic infLvence on the potential penetrating power of a fluted
liner, aside from its effect on optimm frequency, which is dis-
cussed later in this chapter.

(iv) Offset anles The accumulated evidence from variations in
iMIcates thatt for values between 0 and 300, variations of

reasonable magnitude have little effect on the compenation
(22)f (23). For annes greater than 3, variations bec= in-
creasing jr important, in agreement with theoretical considerations.

While the Firestone tests have not included sufficiently long strings
of hologa s design to lead to the above conclusions separately, Winn haz
act up an emirical formla including all of the major design parameters
except P (which has not been veried in genered.) aund 8 (applicable only for
Cla.s III flutes). The foraula to which he fits I data !,i (6), ()

f(n) v T2
o a

where T' is define as the minb= thickness of the fluted cone. For the
Type IV -. " liners usad most Y Firestone T' - T -pa(- )R. it is
desirable here to use a will thickness that correpeonds more nearl- to the
--all th4cl-nens of the blankcs used for Type i, ii, and II flutes, ao tat,
we can compare "orrelistions. For this reason we shall here use an ATer-g_:

T T
t~c~i TO !'- or tho P~t fl utes.

2311



CONFIDENTIAL

We shall ta-3 another liberty with Winn's correlation in order to
bring it into closer agreement with the remarks made above concerning
sealing. If the lwreton. fo-ula is rewritten in tome of the .... -
less parmeters defined earlier, it yields

2 2

Iqsplyng that, for scaled liners, ve varies as 1, 2 . Actually, the

Firestme data that are corelated inolvc such smal variations in R
t am am eqA7 WA justify using

f(n)- a - . R

w .i vuld apee with the remarks made above* Closer agreement between
CI.T. correlations lith 57= liners and Firestone 's with 105= liners
is obtained in this way*

Fig 9 shm correlations for 5= liners with Type II flutes and
for 20%= liners with Tpe IV fluts. The gene-a similarity between the
m In evident. It in also interesting to note the differences, which are

preams~q due to the difference in the tp of flute used. The Type I.
flutes tend to give the highest values of f(n) for 16 flutes, hereas the
highest values for Type IV flutes are cbtalned vlth about 50 flutes.

MA most interesting feature of the type of correlation show in Fig. 9
Is that it does permit a reasonably Smd correlat -if tests that are not
simply related (ie. are not parts of utrinip of tests). This fact lends
oasderable support to the remarks abov concerning the dependence of v.

on v eiaus desin paramterr,

The behavior of 'Type I flutes is best describ-' br considering series
of tests in wcih only index angle has been varied. The results of a series
of tests with 2.518 in. charips containing limers with 16 flutes of maximzz
depth 0.0.5 in. are illustrated in Fig. 10 (19). The relation between
QtWm i anecm and index angle is,, of course cyclic, repeating itself
at interwals of 60/a derees - that is, at 22 1/2 degree intervals for
the as il11Wsrated.

14, Is evident from the plot that variations In indexing alone, and
the attendant .hanges in relative uapitude of the ocepeting mechanims of
cempastion,, emme draetic variations in optAlz frqlenc . The range
coee in the expwrinent illusrated is from +275 rep.s to -250 r.p.s. -
._s.- *.range of 25 r.p.s. Of especial academic interest are the index

es 1 1A wnd 11 1/2 dftp-e., at which the competing mehanisms
exactly balance and produce asaptimam gre qn6y, V, more practical
ixterest are the inidexin g -_/? ' *'2) ad 6 degru-a,, whero th, .g s
(absolutoo valuee) opti=m frequencies were wta.1-_e. it in evient =hat
t, A.. ,' .1Z-t ac, oa tt ,- a- -. of penetrating ,bility, for
the. 6 degnawam index angle4 ,

Mw results inlustrated in Fig. 10 have nat been substantiated hr
testZ with 105m liners (10) that arc approximate acaLed models of the
S',n ! usod in th! ignal tests. 7be results of the larger scale
t-.nts zx.; ccpare6 in iig. with th.e original; the clove agreement

-- th two ts of obaervyatione 4- e-idet+
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S O0 Carnegie Inst. of Tech.
20 . Type II Flutes57= Linera

" eLD - 1.63 in.

-20

I II

0 20 40 60 80 0
Number of Flutes

Firestone T. & R. Co.
hType IV Flutes

105m Liners
D = 3.5 in.

-2C.

0 20 40 60 80 100
Number of' Flutes

Piz. 9 Gwrrltion of f(n) R V'0 a with number of flutes
for both C.T.T. =-d Firestone data This is a modification
of the oorrelation function lvo0 # R2  lined by Winn. The
interesting feature is that a cons ilerable variety of flute

_.th, numbern of flutes, ana wall thicknesses are couered
by the eorrelation. This indicates that the functiui does
really depm.d, to a reasonably good approximation, only_ en
the number of flutes. The similarities of the two crrvot
aza *vI-ient, espocially as regards location of maximum and
minimum values, and the null value of the function. The
dissimilarities are --'so of Lnterest a. hey Aa- "ra-

sumably characteristic of the different flute deigna.
The existence of such a correlation suprtu t-he cbnclu-
sions drz.,mi rom individual exporints concerning depend-
once of opt,!mi frequoncy an tho v&riouS individual
psrwa'ters of dein-..



Carnegie Inst. of Tech.TImII PFlutes, 57u T4u -:

r .054
"N= 0.018

16D 163in. Curve B

200 N % . -2

_ °
Indx Angle (dog.)

200 \ /
2 / ' Curve A

W .W (Optima Frequency)

36D01n

O0 0

h]60K300i
Fig. 20 Varlation of optiau frequency (CWurvo A) and of pantration at opt5iun

fr*qoeny for specific rovpoOf lin awi Typo III f]ute@ Ske -
iLUtrate WPeWa Me of liner pofios for several index anles. Varia
UiU in pentratin we due to varied degre of neci of t flute
pfofilo. Sketches illustrate change in flute con ou_ with. n cm

2ngle.
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400-0

2000YO -rc 2i.lf,"

"200 -_ _ V __D_ %__\

ig. 11 C004p&riec Of Fizr.tx t..ota v~ith 105mua l 4nem having Clas III ilutes vitoi
resUlt-2 oil Vh linerui Coorinat, axe: wre nomsIie-i to par.mIt =bia-
tics of data. Since 0-". two sets of linerd and charges were wot accurate
acalo~d modelas azact quantitative agreeent Isa not to be excpected. The
close qualitative similarity svub.ntlate@ the original C.LTe 6brvatiop"-a
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L. brief series of tests has also been completed withi linorm f ormed
with the same dies used in the experiment illustrated in Fig. 10, butIwith liners of approximate:ly 50% greater wall thickness (0.063 in-
Instead of 004 inJ) 7L* results are compared in Fig. -12 with those
of the orligina tests. Wle the gsnw ii features of the two sets ofr of +evtotj ar veyiilar othn wis th vdeta the r fr alltico
of sevaton arequryncieslaratnerewithsthe tevidence that thelrtiok
nasses varis with the index angle and that the indexing at which zero
oampensation is observed may also depnd up on wall thickness.* If these
indications are substantiated by further tests, it will mean that the
behavior of Typt 111 flutes cannot be reduced to simple empirical re-
latices like those described above for the simpler designer~

Still a third set. of experiments are illustrated in Fig, 13. In
theev testes the wall thickness of the liners was the son. as that used
Isk the ariginal teats (iee., 0.0.45 in.) but two different flute depths
wer used, me shallower and one deepe than in the original series.
Both sets of observations exhibit general features similar '-,o those, of
the first tests, altiougb there Is some'un3ustantiated. evidence of
variation in the indexing that produces zero compensation and of a
non-linear relation between optimum frequency and flute dcmth for LR
given iwim angle.

The fact that the behavior of Type III flutes Is even more cmpli-
cated thn that of.-the four types formed with single dies should not be
surprInge Variations in the additional variables 8 ., prodmoce acplex
ohamps ini the Semetay at the liner, and, consequently, La the shock
laiteractions that affect spin caeasation. The very- conside~rable
t~wbaioal advantages of the 7 pe IT flute, which are discussed mawe
=~y later, more than recomense for their more comlax behavior.

The Mltizg of a liner can also affect itu potential ptnztratlxg
powern caite dratically. Zven though the Impulses involved in cam-
pensation at #pin rates attained thus far are -too small to appreciably
affect the basic character of the cons collapse or of the jet formed
(i.e., specifically, one does not exrpoet an apprecimble change in the
digtribAtion of energy in the jet), it is quite arident from both
Firestone and O.I*T* experiments that mechanical strength effects
gvmrn to a very large degree the depth of penetration obtained at
Otwun freCuitney., This is to bo expected of liners having linear -

=11,92 (i.e.,s P = V constant along the Tins), since all- theor-etical

and p;erliantal -vbienae idcWtrM. thwd the idetl f lute is far froms
- I~ea'r'my other noa. idea flnte. the 'rArioia

jVzlo = hedata umad will be found in erece 1- Th-
rendmda ha-re art been r'eported at the tima fw~~g
499o Y-A repa ted at tin o Vr 9 Lt.4 gv.
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elements of the liner tend to c pensate at different frequencies rather
then.  t a comiaon frequency of rotation. So long as the natural frequencies
of adjoining elements are not too different, or so long as the liner wall
is suffioiently strong to resist the tendency for relative rotation of the
elements, this causes no serious difficulty. But if the liner is badly
necked in the fluting, the strains set up by such a situation cause the
liner to rupture instead of collapsing coherently and forming a jet.
Theory, however, cannot be made to yield a usable design. The task of
deteraining the ideal form of a/f as a function of position on the liner
=at for the present be an emirical one and has been undertaken, but no
reportable results are available as yet.,

The experimental evidence of deterioration in penetration due to
mechanioal strength effects is best illustrated by means of correlations
between the depth of penetration at optimum frequency and the minimum
thickness of the wal of the fluted liner. (Usually the minimum thick-
nes is found near the base of the flute, where necking occurs). Fig. 14
ohm plots for both C.I.To and Firestone data (6) of correlations
between the mazinum penetration observed and the minimum wall thickness.
It Is evident that there is a critical value of the minim wall thickness.
When the thickness falls below this value, the penetration falls off very
rapidly with decreasing thickness. There is, of course, a secondary
corr lation between flute depth and maximum penetration for any homologous
series of eons, because increasing flute depth inevitably produces more
pronounced necking of the liner wall and decreases the minimum wall thick-
ness. Analysis shows that the primary correlation is that with minimum
wall thickness, however,

One o) the moat interesting observations of this sort has been made
in conction with the 3ndexing teats 4escribed earlier. If the two
curves, PV versus 6 and v versus 6, shown in Fir. 10 are used to

0
eliminate 8, the plot of P versus v shown in Fig. 15 is obtained.

*ch a correlation ini of practical interest although, as pointed out
above, it does not represent any fundamental relationship (these same
liners are included in the gerseral correlation between P. and minizzm=

0

wall thickness shown in Fig. i). Fig. 15 shows that for Type III flutes,
within the limits of' optimum frequency fixed by the valus of x, X, n,
etc. used, one can obtain a given magnitude of optimum frequency by four
difN~ent indexings. But, because the different indfzings result in
different dep'ees of necking In the liner wall, different psmnetrations
a.e obtaineC -: hat there is a clearly optimum choico of indexing for
overall performance

RCaution must be used in gi.neraizing from Fig. 15. It applies only to a
specific group of liners and does not in arn way reprosent limitations

- ~ A. LJ. A A -11 " peerto tla ~anb-- -. th. .opti.. freUaency or the depth ol penetrJtL that can be
obtained with other designs.

I'
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iu amcprcmizzaoe betwoen vall thickness and flute depth can
tporarir provide suitable emiuOnationu of optimum freuarcy and
miam pentration, t" ultimate solution is to eliminate the
infence of mechanical strength effects by use of appropriate no.m-
liser flutes.

Wisoella.asu O.ervatoUs Pertinent to Fluted Linerrs

(1) Fluted steel linae (18) and fluted aiumim liners (8) have

been tested bF CeIe and F!rutone, respectively. Wither
showed aw spin-caqensation benefit to offset the intris:L-
ely poorer penetration by steel and abinu jets.,

(11) Fluted tru~peto have been tested briefly:r S.R.L. (2) and
C.I.T, (ni), but showed no advantage over Mted cones as far
as the tests were carried* They are considerably more
diffilt to snuftetures so that no further tests are
planned unless experiments with mooth trumpets give evidence
of ,me presently unknown adva**ago.

(Mii) Spiral flutes were first tested by .R.L. (2) and more
recently by Firestone (7). No detectable advantage over
straight flutes has been observed. It is entirely possible,
bowsoer. that spiral flutes of maler pitch than have been
used might afford considerable benefits (See Chapters),
Theoretically, it it possible to reverse the direction of
the tranmort. effect by using a tight enough flute spiral,
and iku it reinforce rather than caqet with the thick-
thin effect. Aourat spiral flutes are mre difficult
to Rmfactire, bat not exorbitantly so; the benefits
derivd ays wel be worth the extra effort involved.

(iv) Dytrical flutes have been tested by C.X.T. with no
*igniioaat results excqpt to substantiate the dependence
of ,pntration on Wnimmm wall thickness for fluted coms.

(v) 'peola liners to which Thooms Uhvor (4) can be ,-p1ied
have been obtained by CeI.T, but are not of wdfficiently
b1L q~tUty to stify testing. They have siae-wave flutes

w all thikness vaumry g i a u ,t, (16)
mad awe extemwl difficult to manufacture to close t-,er-
eSAma. e arze of rte-y academde inta rst at present.

Varibili In, brormam o l~uted Z1janer n" aie

1xhanative ga,4ng data hawe been obtained t7 both Firestone ard
CI.T* ca all flnted liners tested ezept the earliest lto. C.I.T.
has developed and built a .peoc.AL tranaducer gaui (15) orthie

" L P me 0, nt. 8.-.d P v t!:Mcor._ s of all we - nts No statistical teats hma ben nae'
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Mhe a3q, zia ifacant method of manufacture used to ate is pre;sainge
Fifetm bAs Ase extensive use of machined liners of T~ipe !v design.
which "_ entirely satisfactory for laboratory purposes, far that one
design only. The maethod is entirely uznsuited to quantity, production*
Die castin has beeon cooidered many tines, but thus far appears unlikealy
to yield pieces of adequate homogeneity or dimensional stability. 16t
is Improbable that die casting could compete with pressing on an econom-
ical basis, In aniy w"nt. 3lectr'odeposition of liners, with flutes has
also been considered.,bift nmvr been attempted. Liore in little chance
that such a procedure would be competitive either econ*dmcally or in
qality of product.

The first step in ony of the manufacturing p- cesses is the machi-1
Ing of a finted punch ("al die). This has been dons, in cases where
flat canted surfaven wore tolerab., by simply machining the flutes
'directly Idto the punch with a ming madhin. The more common pro-
oeduX'e, which is necessar7 in producing the more desirable cantod our'-
faces ta the form of arcs,, is to form a scaled-uzp replica of a single
flute by amiing,, and then duplicating that profile oao a smaller scale,
am' desired nmbw of times (depeading an the umber of flutes spee-
ifled) on a b2.ark punch by means of a pantograph milling machine. For
21utes vnoaa' depth is a linear function of liner radius, a 'lmpJle two-

dimensonal template sekeu as an ade quate template. Fdr non-linear
flutes, a three-dimensional replica is necessary. The National Buireau
of Standards has des1o a beatiful antamatid guide arrangement for
a pantopaph machines in which a two-dimensional template can be made
to servs for' either :lnear or non-linear flutes.

Most of the mmerial suppliers of T)~nted liners bmwe uised
matching fluted dies, Lbs female being hobbed teca a fluted punch. The
chief requirement for producing good pieces in this manner is an intimate
1m~avledg of taclhniqass for making accurate dies, heat-treating to
obtain maxziam die atrength., accurately controlled hobbing, and good
techniqueo In forming liners under conditions that produce umisually largan
stresses in the dies.* In using matched male =d female dies to form
Tp Iie U1 flute, provision ust also be made for accurate control of tin
indexing of the dies. Type IT flutes are f n-roed between a fluted female
die and a maooth matal punch,. Type V between a smooth female and a
fluted panch. It has been fouI hily desire±ble to usie loads of the
mrdew. of 4iQO tons in formding 57am liners and of the order of 900 tonc
fmr 105en liners by this awthod. A relativoly slow pressure application
and &.brief "dwell" at peak prenhure (of the order of 40 to 60 seconds
tetl ! %= al~o found desirable in order to reduei ela-stivk recovery
of = iermtal and asouro ac'yuret-- e= ri:ouuc'i ^f thn^ ±iue
fflin +-chia reqiire2 use of a hydraulic proamss ;at the proLcess can
00 Gou~wa.xOruW4 IVc U.7 using t"U"W&% presses aznd engi niering
&4" U1.6 to 0Alw for a certaini anount, or elast~ic recovery. Annealing
cf~ the blarkA prior to forming woL.d be desirable under these circum-

,5i i
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Laberatory used this name proce1-ire and applied loads of 360 tons to
the dies without dm&a The technique is =-)re expensive than hobebingp
&An could be used by Levr suppliers, but sight be usoef-I in c&4e@
wher'e extreme die precision Is required',

Ysbams of &&9i-Oeeg p~atior. other than Mluted Liners

Ms)Te no* of spiral detonation gaides (varivisly called
"Immovers" and "spiral staircase") to guide the
detoination wxve In sections along separate spiral paths
have been tested by Firestone &I) and C.L.T. The
teohnique introduces a canonent of Imuse in the approp-
riate direction tar spinp-ocmpenhation. Experiments
Indicate that the prnciple operates an expected b~t that
the optim frecpenciss attainable wit-bout excessive 1010L
of penetrating pwer are. relatively lowv.

(i1) A toobmique of fluting the explosive adjacent to a amooth
i4nr uas been tested by C.I.T. (114) The flutings were

slatilar to those ordinarily used on the liner. Spin-co-
pensation was obsrved, as expected,9 but the procedurai seems
un'4kely to afford an great benefits as fluted liner.

(111) Tery rocently, Firestone has carried out a series of *text,3
With smooth liner made by a "dar-forming" process . The
linae wor* very veil mai~a ins ofar an dimnsional character-
istics are conzcerned, and the charges were of standard
dein. Th shear forming process, however,, tends to produce
spiral deformations of the liner-, even thougb they may be
invisible to suerficial inspection. The defordations may be
ManUfeted in the final product by asymetric variations in
dansitY. Detallurgic properties,, or dimensions. Liners
made b7 tWz process had previoasly been tested statically
at fl.RL. and found to perfe=m poorlyl these results had

pro~ted an awiatysis by Nagh (2) that may have scae bearing
ca the Firestorme resmlts.

Firentone fired shear-foreed li2ners Of 90m miuss at see r'
different Vpia rate& obtaining +ie penetration depth versan freqiency
oth ahw in Fi.LU The Uimro showed a definite and, for liners

of te asefairly large optimu fregianqy,__The tendency of thome

ca=sec bDy j; "AA, Cd of M a i~*ioii~r xeieta o~ 1
_ "fore tho "ract~ e-0. sinijfcnee* of this observation. eem' be

evaludateod.
* ~ozty 43-t) Progre.as Report of the Fireatone Tire and Rubber- Co.,
on. BAT. ?ro3.ct, Contract Non, DA-33-0.09-OWD-33 and DA-33-Ol,9-0,RI) 1202,

~ - ~ ~ !^71 end(2)

24h7



C O rTW114. tTA Ir

Conclualges. %Fture Pro!Mc tv_ In Sipin Cocer.ntion

The only importabt development to date in the field of spin-co -
ytnsation is the fluted liner. The other techniques described above
hav bcenc---y cursorily investigated b7 experiment, but theoretical
considerations give no hope that they would provide less complicated
or more practical solutions to the problem, For the present, it
seema beat to ooncentrate on the fluted liner and continue its develop-
ment.

So far as fluted liners are conerned, ther i; as yet rr . -id~nc
of arq benfit to be pined b7 using materials othe:r than copper or
shwe other ta conical. Tests with a great --.risty of mooth liner.'
(Including' cylinders and truVets) and with rarious tpes of detonation
wve shqing we being carried out In comection with fundamental
*tadiles at nearly all of the interested laboratories and the results
inspeted for aW possible advantages in spin compensation. Until some
videafae ofra potential banefit is found, there is little profit to

be gained extensive eerinent with varied types of fluted liners.

Of the varicus types of flute tested, the Type III, formed between
•atching metal dies, affords the greatest promise for practical application.
Tns I anA i1 have exhibited no real advantages in the form of higher
optmu f4qency or better penetration and have a very grave disadvant-
age for application in that the shape of th" liner surface adjacent to
the padded die is not controllable. This maakes t very difficult to
design liners for a specific optimu frecpency and at the same tt=
teW.2 to Increase variability of perforunce.

4pe IT flutes do not involve the lack of control in -ufacre
and have been used to very good advantage by Firestone in developing
a highly satisfactory liner for slw-pin 15 rounds. *They lack the
versatlity and potetial benefits of Type II, howe"r, The possibil-
ity of Indexing Type II flutes makes available greater flute depths
withoat ecessive zecking of the liner (and consequent decrease Vii
Penetration) .-- without using heavier blanks (with the attendant drop
in aptiim freqaency). The Type III flute has a very considerable
advantage that in peculiar to it Plonne in that the optiam frequency of
linrs produced with a A pir of dies can be adjusted over a wide
range by rrely alterinjiii 1he i. Thus, the designer and the

umafaciiuer am relmewed of the necessity of designing ani making dies
that will yield e .a_-_th dslcre_ _,_ ,nn "An _a.A ye V Winers
appear to have only academic interest, i _t ar important in that respact
for the opportunity they afford of bet.ter undaratanding of the apin-

The determination of the proper variation of flute depth with
position to have all elements of the liner ccrmmate at tke saie *pin
raea is the most Imortant prablm -at pre&ent.. Th linear £lute ured

fa iz ade'-at forc ELT at present ta kuda- spin rmtot

24~8
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(about 210 r.p.s.) and for l0uH5AT slow spin aWe.ls (to at least
50 rep.s.). The optiuu frecliency attainable with linear flutes Zz
be pushed considerably abow.e the present 3.1nita, bpt there aems no
hope %.-" achieving the high a pla rates contouplated in proposed smll
calire rounds (up to 1200 rep.s.) or even the present standard spin
for large calibre rounds without using non-linear flutes. The theory
of spin compensation in its present state is of Onl3y nominal holp Im
this problem. Te meass of obtaining an empirical determination are
at hand,, however, and the task has been started at C.I.T. There is
no evidence as yet of any essential upper limit to the frequency at
which spft-caWenUatoz can be aechieved, but there are obvious
difficulties aheado

For standard mull calibre weapons (57=n and probably 75m) there
Is little romfor argument concerning the best method of eliminating
spiam4eagidation, Desigus are already available and tested for fluted
liners that will pravide performance at the standard spin-rat, of the
57m H*Z*.T* round estmentially oqal to that obtained with m-oth
liners fired statically. Mwe deveiqinent of a comparable liner for
75m rounds shmld be relatively simple,* There is no caMparison so
far as simplicity and laow-cost of application are concerned between
fluted liners and the other methods available.

For larger weapons (90., 1.05=., and larger), the situation is
cpLite different. In the special case of the 105mm B.A.T. weapon.,
FTrstm has found the slow-spin T-138 round with a fluted liner to
be the best solution. Static, smooth cone performncoe is obtained eu
spin rates up to about 60 r p.s. with available fluted liner designs,
-1d shells ha"e been designed that afford sufficient accuracy at spin

rat-3a below 60 r.p.s. The design is not a satisfactory solution to
the general problem,, howe.er, because it requires a special rifle. It
lis necessay to find a shall design that can be ffired from guns
currently in the field or in prod4uction.

There ale three alternative, exterior ballistic solutions to tbha
problem under consideation, The concept of using peripheral jet

az soz, ua sesnl to stop its spin before the target is reached
has not ;ret been adecpsately tes'ted. firestonoi, in, conjunction v4iI.

Picatinmy Arsenal,, has acme testm planned, but comutations of tba
tort=* needed !-ffer littic hn-we *--at thi.s method will nrr -razcte

The use of~ boaring-mounted. chargefs that pawit part of the xhell
t~o -cpi% for stbility,, whi.-e the charge itself spins oaly 3lii-i3 if
at all)p has bema proven prictical by Frestone and Flr~akford Arsibnal
and by Midwest Research. Two design.. have beeni used - one, a tandem
arrangament, in which tait front part spins; -the other, a conccn-tric

inWA~ whdmch~ 4h Ua= 26- caziri qpLB _ ~ d , * k

~2i
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slrav-spintd-n core containing the charge* Either design seems capable
of providing charge spin rates of the order of 50 r.p.s, or less when
fir-d f oe currently stard rifles. Clearly, a fluted liner is
needed to eawperaate for even those low spin rates in large shells
and it iediateIr becomes critical to know whethar the spin frequency
of the charge is consistent.

A muber of laboratories, both industrial and military have been
vorkIng an fin -stabilised rounds. Bota long-boca and folding-fin models
have been desaied that ca be fired from standard weapons with apparently
satisfactory acuracy, Dven these have a mall amount of spin imparted
to thea (ordinarily less than 20 r.p.s.) to improve interior ballistico,
so a fluted con might be desirable for large calibre shells.

A ocmarien of the bearing-mounted charge with the fin-stabilized
shells is very d3ficult at present because of the limited experience
with bearing-anted projectiles. It eemus certain that they mat weigh
more than a stendard spin stabilised proectile of similar calibre and
that the concentric design demands the use of a maller-than-nconal
liner. It is not at all certain, however, that they will weigh mae or
be more costly than finned rounds. The fin-stabilized shells involve
some eomplication. in design and firing, but would appear to offer
the better solution of the two for larger calibre rounds.

It seems clear, hoever, that any technique for reducing the rate
of spin of the charge %ust provide only an interim solution. Once a
fluted liner can be designed to compensate for the frequency of spin
of a standard round of ar given calibre, it imediately provides the
most convenient and econmical solution -o spin-degradation for that
calibre.

i-.
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CHAPTEaR IX

DEFEAT OF SAMM COH"U.%" W.A WAS

R. v. Heine-Ge. .ern

Carnegie Institute of Technology
Pittburgh, Pennsylvania

Abstract

Of all possible means of defeating shaped charges,

the most promising found to date consists of a combina-
tion of glass and steel armor. The glass may be in the
form of plates, blocka, or large balls, poezibly in
conjunction with a suitable shock absorbing material.
This means of protection has the advantage of low density
and hence low.over-all weight, in addition to utilizing
the abnormal stopping power of glass, which has not been
approached by wMy other method of passive defense.
Titanium displays abnormal stopping power to a much
smaller extent. Recent results suggest that explosive
pelleta Qr.-linear shaped charges can provide a very1 hiol
doee of protection und-el certain circumstances, but'
these last two methods have not been developed to the
point where they can be considered practical.

Introduction

The problem of protecting military vehicles and other targets
against attack by shaped charges has been the subject of two recent
papers (1), (2). It is assumed that the reader has access to these
two papers: the current report requIres some familiarity with their
cotentes. Instead of starting frcm fi-st principles,, as 13 done in
references I and 2, the present chapter will give a brief summary of
the situation, and will discuss in detail the few methods of protection
which app-ar most -actical at the present time. In addition, an

.t-4n wil be *ade to clarify %.crtain principles of protection which
&-e fraeqpently misunderstood,

The scope of this chapter is further restricted to the problem of
pr:venting perforation or targets that are hit by shaped charges,
nzgleeling the problems of increasing maneuverability to reduce the
pi-cbability of a hit, of camouflaging the target, or of designing its
interior so that a perforation will cause minwim d-ticti

Weapons other than shaped charges will also be neglected, but
!.b is very likOly th.t adequate protaction against shaped charges wi!!
cfeat Id-nitic energy projectiles as well as squash-heads of cowpar-
sblo calibers.

2 55
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S~ur/Oy of Pmibe Protections

It has long been custoaary to distinguish between "active" and
"passive" protection (3). The first type induces malfunction of ths
ha or of the ensuing Jet. The second simply absorbs the kinetic
energy of the jet.

Recent efforts cc active protection have been centered around
spikes (o), explosive pellet (s), and linear shaped charges (6)
mounted on the outside of the tank,

In the case of spikes, it was found that they are ineffective
against shaed charge projectiles with fast-acting fuzes, althoueh
they had been qaits effective against the World War I weapons with
slow fues. 3plosive pellets and linear shaped charges are capable
of epectacalar perfworm e against attaclng veapons. The drawback
at the anen t lies in the fact that no sensing device has been developed
which will allow them to function only when required, withcut settifr
then off as a result of mall arms fire.

The design of passive protection is very simple in principle,
since .r elly accurate predictions ragarding the stopping power of
a. given combination of materials can be made on the basis of residual
peatration theory (see below). Before considering this type of pro-
tectin in detail, it iS desirable to examine some of tta pertinent
Iqmlicaticms of this theory and to clarify certain prevalent mis-
conceptions regarding its applicability.

Coments on Residual Penetratiton Theory

he bdrodynamic nature of the penetration process was appa ent,y
first recoonsed by the BR.L. group in 1943 (7) and was t.u-Je-Wfntly
refined and esagnsed mthematicaly by Hill, Mott, and Pack (8) in
ZmlarA sed inlepennent3ly by Pagh (9) in this country. Frooi the point
of view of protoction, one of the most important consequences of this
theor, i (given by the "density law'

wires dP, is the penetration in material x and dP that in material
y

Y, eaoh caused a given jet elsezit of length dl, and where p and
a- arm the densities of materials z and vo

" z -, lam in corrort for the fast fr--t al. i of the Je"
aMe4f.t1micorrc-t fo Uz~;i GICA aa i~ltftntOJ Campiet4 prvdiotioLT;

regardins the pesrformance of various tUrget materials'(sing)r or in
combinations) could not be made until the residual p ,-=tration thsory

wedo-'f.-ped b7' Axg4 =4 f1-remnn (10). (1n). Thix tkpory$ aeeel1'ly
s-mmariz in referen.e 1, is vsx7 important for the whole prb la of
.. p• t:t2on ~arU dieiaspects -which are pa ictftr .

-... qntv ara discusased r ir some detail,

2 916
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a. Residual penetration theory co.mpa-s t. e stopping -p'-er of
two mater-alU by using equal thickneases of both, the thickness to be
-uoh that only the faster parts of tle jet will be aborb_d in the

9 -- JOWW& W W -% UbW& .16 WO

are expessed in terms of residual penetrations into a stwandrd matrisi!,
usually mId steel or armor plate. This metnh .d 3 adopted i- order to

ompetnsate for an over-siaplification inherent in the basic theories of
references 8 ald 9. These theories asstne that the entire penetraticn
proces in of hydrodynamic oh racter. i.e., the pressure exerted by
the Jet on the target is ao great that the strength of the target
material i negligIble oapared to it. While this is nearly true for
the fast moving front portion of the jet, it is not true for the much
$lower moving rear portion.

In the procedure described above, the two materiala under test
are used to absorb only the fast portion of the jet, while the slow
portion is absorbed in a single standard material so that deviations
from the iod Ac density law will tend to cancel out.

b. Residual penstration theory makes no assumptions regarding
the shape of the pentration-standoff curve (Fig. 1) for the charge
under consideration, but uses the experimentally determined curve to
predict the stopping powers of various materials. The simpie density
law expressed in equation 1 is frequently visualized in the integrated

form'. P1/, 7 =P'_ Tis simale integration in justiMed only if all

the jet elemente have the same high veloOity, hih enagh so that the
strengths of all tardat materials may be neglected. 3ven then the
Iateration would be exact onj y for perfectly aligned Jet. Since these
two coditions are never satisfied in pr 'ce, the few experisents in
which wPa/P obser*ed to be equal top?/P mest be considered

accidental,

To Plustrate these considerations y just one example, conWider
the oparisn between a satt alumimm alloy (such as 23) and a hard cat
(such as 21M). In the light of the preceding remarks one would expect
different total penetrations tnto the twc materials, the strong 248T
alloy exhbiting the higher stopping poer. When the comparison between
the two materials is made by the methed outlined above, the t-o materials
exhibit nearly equal residusl penetrations and therefore equal stopping
powers: against the fagt portioa of the 4et.

c., The conical liners used in servicewespom and inmo
laboratory charges have avex angles in the nei#barhood of 45~ . The
comnents- rude under (a) concerning deviations f r'm hydirodynami
theory, and hence from the density law, become even more pertinent for
lain*ea *f larger apax agles such as t'- DuPont "Jet Tappers" with
thetr 800 cones. In generals, the v.der the cone angle the slaver the
lt aned the more readly target stingth ,will becne apparent. When

_olj.E ~ for excertiomi from the density lA- ameng a nr-iber of materials-
a wFIdvanVe cone will identify the exceptiovw more rea-i3,v ttha a
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narrow-angle cone, but it nmist be ramemberred that a material which shows
c'msiderable "abnorm1'~ stopipirtg power (aeo below) a.gaLinst slow Jets
from wide-angle cones may display very littlea of it againat fast jets

* from small-angle c c;riaa.

d. Residual penetration theory answers this frequently raised
qestion regarding the effectiveness of spaced armor or skirting plates3
as follows. Ilie question is meaningless unless the exact position of
the skirting plate is super-imposed on the penetration-standoff curve
of the attacking projectile* If the projectile detonates at less than
optium standoff, then the air space between skirting plate and basic
armor may aaftally increase the res'ultant penetration by increasing the
stsidoff more nearly to optimum values* For charges fired near optimum
fXUrUnJiui fikiAWAT01bg Platas -U-203" be effitki Only ag*inat tbatiuuy
poor chargep such as those represented by curve b in Fig,, 1, but will
be quite ineffective against the good charges whose penetzration-stad'off
curres have the appearance of curve c,

e @ According to residual penetration theory, alternate layer.- of
hilgh and low density material will provide less protection tuLn the
sam thicknes~s of a single material having the same average density as
the ismipated target. An actual case is illustrated in Fig. 3 of Ref. 1,
where solid aluminum is shown to be more effective than a target of the
same thickness and areal veight., but ccnposed of thin steel platez,
separated by air-spaces.

Thus, while spaced armor or skirting plates were useful aga~nst the
relatively poor projectiles of World War II, they will be worse than
useless against projectiles capable of defeating armor at long standoffs
by virtue of proper design and construction.

Deim assi~ Prtect on

Equal degrees of protection can obviously be obtainod frcm a largo
thickness o.! low doraity material =r.d from a small thickness of high
d-n-sity material. To illustrat, this by an extreme exonpo, adsme
t~A~t a giver~ charge gives a penstrat~i nr nt 10 in. of ayrnor plata at
optimum standoff and of~ 1 in. armor plate at a standAoff of 20 ft. For
this particular case i.t might be BA that 9 in. of armor plate provides
the same protection as 20 it. of aL4. Since the latter has obviously
le--c- areal density than the former, it migbt be considered superior to
thL- ar~mor plato on a woight basis. Fez prActical. purposes the elensity
of materials which might be considered --ill vary from about 2 (magnesiiim
or DC'.4 metal/, to --bvut 11l (ud) or miore probably from 297 (lmnm
to 71.8 %(tteel or hciogeneous samoc"10

As pointed Oun in someo detail in roi'erance 1, penetrat-lon t;Goxiy
Indicates that even ov7er this limated-_ r,.g of densition, the lesig donse
material is always superior to the dens,.r material on a weight baBss.
but frferior on a thickness basis. Spec -ifcally, the 'Collowing approxi-
m~ate relations holdA for m~ost materials: For ary devired amount of

CO~NFIDFNMIAlk



protection, the required areal density varies as I/ r/i while the

racjired uancineas varies as V-P -., illustrate tis, -.o.sdr a
5 in. thickness of armor plate which is to be protected against a
shaed charge capable of perforating 10 in. of anrzor. The necessar-y
protection could e provided either by an additiona1 5 in. of aror

(about 2002 bs/ft ) or by an additional 8.5 in. of aluminum (about
120 lbs/ft ). Except for eonoica1 consideratl: -~i. i i prtmari2ll
a matter of weidng the thickness advantage of arvigr plate (3.5 in)
against the weight advantage of alluminum (80 lbs/ft?).

QLas

The abnorma stop-ing power of glass, first rep=-_-t%, by the
thor in 1945 (i), 3), has only recently been verified by two

other reaseazvh labhoratories (II), (114).

Briefly smarized, the following observations have been made onglass:

A. Its stopping power is nearly independent of its chemical
caposition or heat treatment (15).

B. A glass target consisting of a few thick plates is more
effective than an equally thick target consisting of many thin
plates (16)9 (17).

C. Starting from small areal dimensionz, the effectiveness of
glass increases az its arealI dimension is increased, until thu linear
diaiwision of tim glass plate is about 3 charge diameters (16), (17).

D. Targets made of smooth glass plates perform better than targets
made of glass having rough surfaces. Oocd mechanical contact between
all "as-to-glass and glas3-to-steel int*rfaces improve.s the perform-
ance of the target. However, the detrimental effect of rough surfaces
can be reduced by separatimg the individual plates with shock ab-oatin
naterials such as thick plates of gasknt rubber (2).

Z. Glass is moat effective against the fastest moving front portion
of the jet and loses most of its abnormal performance when used to

sOrb thae slev rear portion of the jet. As a corollary, the firt few
plates in the stack of gles plates are more effective than the plates
near the bottm, ot the stack (18).

. WY.atsis is more effective against copper jets trhan zz_:* ?'t
jets (19),). It is very probable, but '- yet been fi'ed excri-
menta3ly, 1hat glAss is more effective against jets from ductile materials
than against jets fram more brittle materi i.

lue tvrm "abnormal" refers to the fact that it does not bohave
like a material of den.sity 2.5 g/cc, '-t rather like a material

.. _a %.1; U i , ,ou hundreda of materiao

ha" been tested, glaset ar gmsin-li.e material- are the only onos
which ha sigificantly abniorna-nstoping p-!r Wn tM_!ted pg-
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G. Glass Is most effective against charges tIred at closs to
optim standoff (19). In that case a steel face plate proidees
3ittle additional benefit (20). At maunler sta-,1offs, a face plate
seems to be desirable (20).

H. Under the most favorable conditions (copper Jt cha-g fired
at aptixm standoffs, glass near the top of the target, etc.), glass
frequantLy.behaves as if it had a density of 40 g/c o w about, 16 tiwas
its actual density.

I. Maass does not deflect a jet perceptib3Z from its criinal
direction for angles of incidence as mall as ICP. Kerr cel pictures
tsm ader those conditions show the jet traveling in glass in eacta"
V" sam drection as the incident jet (21).

J. Plate glass perforom better than cast glass bricks of equal
thic nes (20). This i probably cansed by the presence t small in-
perfectio , especially air-bubbla in the glass brick, while plate

aUss is quite fre of such imperfections.

K. Doran (glass fibers bm 1 to plastic) dispiqed no abnormalp Ae *hen t'sted ty Carnegie Tech. (18). An apparently contra-
ditaTry result 'was oot d by Flintkote (22), indicating abnca'mal
atoping pwer on the part of Formica FF-55, a glass cloth bourd to
plastic. Additional exerivents are needed to clear up-this aarent
con*wadietion in results.

While the Carnegie Tech group has obtairod a great deal of addi-
tinal infenation on glass (e.g., the veloc.ty of shock propagation,
the velocity at crack propagation (23), etc.), the mechanism responsible
for the unusual stoppin power of glass is still not completeLy under-
st od. Kerr cell pictures obtained by Carragie Tech (24) and more recent
radiograph obtaied by Zermw and Simon of . L., pro-re bVom doubt that
glass disrupts the Jet duiriz the peneration process in the ann ar zugsted
b7 ths author (24). fte B.R.L. radiographs are shown in Figures !a and
lb. It seems ve 7 probable, bt reaaizw to be proven exper1jit ally, thAt
the stopping power of glass is caused by the sme mchania as the "rebo A
effect (21s), (25). Whatever the explanation, glass possesaes th.- unusual
pzperty of beirg most effective against the charge with the WZh.st
possible penetrating ability, a rkable asset forr y s tive

The r arkable ir in which if 8s aiusts its atoppi.ng pnour to
the pnstr!tin ,tiy~techrei lUiatcdb ~eir~e~s
riaaalts presented in Fig.. 2. ,ru '::~ '- ~r-la

e.aaie w e basis of hydroa aic th cry ices
steadily, ~tuf, they dornble at optfrLi atapdoff,9 lihle the observed
resd1' pemtratiorni remain constant.

A recent R raport (14) shows the results of a very c-,ate, s.e~rs
of 1Oa4T,5 onl ith~ p e of aylea Sz!3nz fswvc1 f4iVk'~~- .2 -
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th LCK,- 138 of *O-! which would be considered rather poor -rpor-" canu
by thiJ group. This poor performance can probably be ascribed to the fact
that the BIRL experiments were cva-ri-ed out without st,l face plates, and
that the bazooka has a built-in standoff, provided by the bajllistic cp.
of only 4.2 in. or 1.2 charge diameters. (Fig. 3 shows h*.w tho prform-
ance of gl !s va.ies aa a function of standoff for the CIT st ndard charge,
similar Ia most essentials to the 35 in. bazooka.) There is little d oU.1t
that increasing the standoff of the bazooka 9nd providing face plates for
the glass targts would provide fctmplete agreement between the results
obtained by &L and those obtai1ned by Carnegie Tech.

The relevant observation (or prediction) to be made hzi-. ii the
folloVwing Suppose that two tank= were protected against the 3.5 in.
baooka, oa using abnxinA ard t h other using glass Prn-ectin-c _Wth
of these desigme could be carried out in principle on the basis of recent
ML resuts. Suppose further that after the tank had been protected an
ppoiflied, the perfcrmance of the attaiking weapon were cuddenly imp='oved
considerably by prmiding it with a greater standoff. This would mean
that the alumim protection on the first tank would become inadequate
against the improved weapon; glass, on the other hand, is sahaw able
to conpensate for this improvement in the attacking weapon (Fig. 2),
end the bec_-d tank would still be adequately protected. In other words,
glass is probably a much better protective material than would be sug-
gested by the ERL observation that at best it about equals mild steet-on
a thickness basis.

It remains to consider very briefly the manner in which glass muct
be used in order to provide maximum protection for tanks. (Details of
fastening any prpoxed protection to tanks will not be conidored here.)

The most effective protection would probably employ a total thick-
a of glsu equal to one to two charge diameters. The required thick-

nsep would be me up of individual plates, each of zvaxim available
thickneas. or of glass bricks. In either caae; cach pice wcv"t
separated from its neigbibors by a shock-abrorbing material sulh --
sponge rubber, gaskcit rubber,, magnesia, etc., to ninlmiMG shattering

C'aekin., (By virtue of the pesence ct v=h absorbing teris
This t ,e of protection would probably be quite effective again t
attack I saqush-heads.) A number c-f such stacks of glass plates or
bricks will be enclosed in a --teal panel of such size as dictated '4

the goometry of the tank surfaces and considerations of ease of hand-llg.

The out.side ae c o*f each panel should conis3t of !/2H to I"
srmor plate to protect the paneL. _jP1 -v' _Q ar-a X-' +.ho
insid_- =sce.- >stinz aga!'t tus tank's basic armor sheild be strong
enough to prevent appjciable buck ing of that surface after a hit.

7nv.- ,-is ! L -,% the pessibility of using glass i! t9he lo.r of very
larg ba.l, each 3 inches -r more in diameter, densely pack-nd in a

26
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TRMDaL B 'TALLCTC VFFE OF
APED CHARGES AGAINTST TANKS

F,, I. Hill

Ballistic Reea-ch Laboratories
Aberdeen Proving Oround, Maryland

Introduction

at auoqi charge is ono oi ih more effective weapons for Tne
defeat of tanks. The principal dasign objective in the past has been
simply to perforate the anaored envelope of tanks. In general,, thi
a.mor of a tank has been a.samed to be equivalent to a flat piece.of
armor plate and design of hiaped charges has progressed towAr the
most efficient perforation of this target. buch an objective in a
logical initial one since the Infantry has had no weapons of reason-
able weight that could perforate modern armor by moans of kinatic
energy rounds

However, the criterion of shapad charge effectiveness must in
the final evaluation be its ability to defeat an armored vehicles-not
just perforate its armor. The first element to be consiaered in the
criterion is that of perforation; the secoi. element is damage after
a perforation. Perforation of a tank's armor is not the same as
perforation of an idealized target, Much of the target preeented y
a tank is irregular and non-homogeneous in composition so that pre-
dictions of the effect of perforation cannot be dono from flat plate
cata. Damage does not occur to a ta.l- just because a perroration of
the &Lmored envelopgoccurs, The perforation mst cause further
destruction inside. This damage depends upon where the perforation
occurs and the residual damaging effect of the Jet ater the perfora-
tion. Other factors such as stand-off, liner material et4.; ._so
are involved,

It in desirab2e to conider Just what a "tank k-111" isa Tanks
cannot be shot down like airpl1aes or &an1k like shipc, 1ediu' t->--k-

e -e -iT i# to a ta'isted hulk 9y &xq -out the most intense of
blasts. Usually: a tank is destroyo by releasing ,the fortes that it
carrics within it. Thuv, tank destruction depends to a gneat oxtent
1I J4 1tim if the amunition or fuel. However, other typesi of

Vkw redr- lank eiofctivenesa emal2v -i! dependinq Uron +.he
e-r -mmstances of combat. For instance, dring:aa tank is i mbili.Usain
a retreat it is lost just as a surely am thcugh it h. been b'iumn-d.
r-. Lheae k f an at ckLng force;,if the fire pcizzer t. _ lz .... I=

destroy'v-d the tank is no longer of use in the particular acti.
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Three categories of damage to a tank have, been defined.

K Dwaae is that damage that will cause the tank to be destroyed.

F Damag is damage causing complete or partial loss of the ability
of the t=k to fire its main armament and rachine guns.

M Damais is damage causing immobilization of the tan'-.

Sakrves of Trminal Ballistic Diata

Thers are three sources of data for terminal ballistic dnmage of
shamed charmes to tanksa historical data. terminal ballistic firings
at tanks and box tests. Each of these three methods has its importance.

Historical Data

The principal historical data compiled on the damage effective-
ness of shaped charges was obtained by the MCFU in Great Britain
(ref. 1 and 2). The data available are entirely for German infantry
hand-fired weapons, such as the Panzerftust and the Rake Umanteobugahse
(German 3.5 in. Bazooka), vs U. S. and ritinh Tanks. This information
is valuable in that it gives sme idea of the points of impact, the
ranps of engagement, and the crew casualtieo experiences in World War II.
Table I, prepared from Ref. 1, shows the proportion of Sharman a- Stlurt
Tanks that burned completely and the proportion that were repairable,
as a reslt of shaped charge attack.

TABLE I

Total No. No. % % Casualties
Considered Bund Burned Iteparable

427 42 54%

This table suggsts ._iat most of the tanks that were not burnt were
repairable. Table 1, taken from Ref. 2. suggests that the rule of
41n=lb 1hat one man killed and one wounded for a perforating round is

g.od gofnh- ope l ¢hartge rvands.

TABLE II

ose. Kiflod Wounded Etirned

These are short range weapons. KillB rauroy occurred at ranges groter

datAt available mn shan-ad charveB ir. -a orld T"~ v! ~!~ ar. Thq
ang]ar 6 -. ribution of casualty producing attack data available for _hese
short range weapons ix shown in Table III,
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TABLS 117

No. of Eo. on No, on No. on
Pert or&16tone Front Side R4W li

30 63 7

A3.1 of the above data were taken from references 1 and 2.

.1uia Ballistic Firings

The second and the most definitive source of damage information is
the proving ground iiring at a tank. Sch firings have been carried Ot
by the British, the ML and other organizations from time to time.
bferences to the detailed data on these firings are given in reference
mabers 3 to 21.

The largest and most systematic program has been at the Ballistic
Ruearch Laboratories, The method of obtaining these data has been a.-
follows. A fully ecqipped tank (usually a T2694 or T265) is loaded with
wooden are mebrs in each crew position and stooed with inert asmnition.
A sa3.l mount of fuel is placed in the fuel tanks to operate the engine
so that it can be running when the tank is fired on. A round is then
fired ca a aeleoted surface of the tank. The angles of fire usuallUy con-
sidfed are normal to front and sie and 450 azimuth to front and side.
autAher angle of attack is at 450 elevation angle, The range of firing
varies deperdi"g upon the round to be tested. For instance, the 90mm
T308 rorvd was fired at 5W yards in1 the 3.5 in. rocket was fired at
100 yards. For the first firings the attempt is made to cover the tank
in a fairly uniform manner with hits. However, after the nature of the
A--n -o a- MO '. l . i.nd is generally understood, the rounds are

- - at he suraces of a tank where there is the Vvatest doubt about
the damqpge.

An soon as a hi.t is obtained on the tank, two combat saoe'jrienced
Lsesors go to the tank and examine the damage. As long ad the tank

is opable, ope4rable camponents are checked such "., turrt ti-avcrs,
pn elevation, rAdio intaroamnication, etc,). The damage is then
easessed with a description of evry item of damage to the tank. Those
descriptive assessments are then translated into numerical assessments,
which have been doterm ned by the assessors to be standard. A list of
_ta-,-rd aseeswxentw of components is given in Table IV. M, F, and K
damage are defined in the "Introduction."
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TABIE IV (Cont-d)

Probability of Overall
D~eg to Tank When
Destroyed

M F

Etrr CaMonents

Front Liler Hub .50

Track 1.00
Driving sprocket i.o

!inal drive 100

Track pides .10

The above table is representative and is not inclusive of all the damage
that could happen to such components as the electrical circuit, etc.

The determination of a personnel kill in made from examination of
the wooden dfmies. While wound criteria as determined from wooden
dmaies ax. -. z±ttedly inaccurate, cases that are marginal are uaua 1 y
rare. Assisament of the possible damage that could have occurred frm
fuel or aimnnition fires is made by observing where the hits occurred
and correlating this with actual experlments carried out against these
components separately. Fuel and mmuition are removed frm the tang
prior to firing for practic.l reasons. When a tank is perforated with
live ammunition in it, it is highly unsafe to investigate it even though
no i diate fire occurs for several hours. In the case of a fire which
conimee uavinition or fuel there is nothing left of the tank to access.

After the perforation has been assessed the tank is clepned, previous
damage carefully marked, new wooden dmiea installed and minor damage
repaired. As successive shots hit the tank the quality of the data
Obtained dMcreaser since the assessor's estimates of the actual damage
that would have occurred in the absence of previous damage become more
difficult. The tcnk is fired on until no more data can be obtained.
(In tak c of the -.5 inch roceit over 70 hit and 5 Arforations were
obtained on a single tank.)

'1" descar.iptive aM nm rie* &! ases Rents are the basic data for
the analysis of tank ralnerability. The information is contained in thin
i= -" n th" firing records (ref. 3.through 16). Britiah data a- pre-
se .ted in a i-ommewhat different form in that only the descriptive part of
tht damage is given. i'itish data availAble are given in (ref. 17
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Box Tests

The so-called "box tests" are thoroughly described in Ref. 22. A
box is placed behind the armor plate. In this box are izritruments to
measure pressure and ta-zperatiwe and usually witness plates to give an
indication of scatter. The box appears to be an admirable way to obtain
devolopmental data on shapel charge dsuaign. Its value will probably
Increase as correlation can be established between box measurmw-nts an.A
tank aage.

A BRIEF SIOMAY OF TERMINAL BALLISTIC FIRINGS

Data Obtained at Aberdeen Proving Ground

Using the methods of ptheriag data outlined in the previcus section,
several firings of shaped charge amunition against tanks have been con-
ducted. A detailed description of theme firings is given in the APG Ffring
Records (refs. 2 through 10). Table V summarizes the rumber of each type
of round that has been fiM mid the amount of data from perforations that
are avatiable. Most of the attacks were against the T26E4 tank which in
armor and most other respects is similar to the M26 (Pershing) tank, The
armor is the same as the M46 and similar to the M47. A few firings were
againat the 726S5 tank, which is a considerably up-armored version oC the
M26 tank. Table V is presented to show what basic data is available at
the time of writirg. No conclusions should be drawn from this table con-

11zer% perforation probabilities, The range of firing was estarihe
for te man or convenence 3'safety. Static firings" or firings from
shaped charges set in place were used when it was not feasible to launch

TABLE V
SUMMARY OF SHAPED CHAJG6 FIRNS M

T206E and T2645 TANO

Crew Eng. Non
Ref. Type of Total No. Comp. Ccmp. Perf.

3 nd Attack Ra& of shots Perf. Perf. Hits
*'-Kw RAT Rocket M28 6 Ground 100 yds, 70 33 6 31
5; AT i-'" Ground 500 ydu. 24 11 1 12
5 co--r co..e 9 Ground Static 2 2 -
5" c m)ner cone* 9 Grend Static 9 9 .
5"' aluminum cone 9 Ground 3"t-tc 8 6 i 8
-I =_.T M31OAI 3 Crwund 1W ydu. 42 5 3 lit.
.)mm HKAT M67 8 Orou rd 10 yds,, 20 6 1

of W -- S-. 5 30°ai- 400 yd-. 31 i
8r- Oerlikon !030yair 5 dMys . 39 14 2 23
3e5 hT"T AF.*Oket W 8 7 h(ouir 13 Y'da, 15 -.10 5 -
6.5" ATAR (Steel Cone) 10 45 air Static 6 5 - 1

..ounL- marked by astariak were firad against '26F,5 tank.
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Vfa2ll the firing listed jn T hie V only that of the 3.5 inch
Rooket is likely to give ,i valid data in an unreduced form for the
opeted mabe 0 i"l on the M634 tank. Table VI separates the
dwa to the T2634 tank lneo damage from armor fragnents and dama-e
frcu the shaped charge jet itself. It is ainud.i(ant that po K dimage
was caused by fraeents. Figre I show the revalte of the 3.5 inch
(ground) firings an a CdMalati e ditribution. 1h1 use of a curalative
distrlbution of msericanLy asissned damage is of considerable aid in
the cap i saon of t= roude.

TABI VI

(Avg. Results of 70 ads.)

&S.Prob. of ahit being a klldue to

JetN On3p. nl
M F K M F K

Avg. of al hit .13 .Uk .07 '.24 .10 0
Avg. of hits that did damage .59 .55 .31 A 6  .34 0

na & Jet

M F K
Avg. of alhits .26 .21 .07

Avg. of hits that did damage .78 .70 .31

46% of hits caused so damago

W f n its calased diage. Of tse:

451- omped fr--g. dikage& only

29% vtaW Set dirmage only

260 cmsed Jet #xd frag. damap

The reduction of the datA eOri in Tble V is of little 5. ortance
for tke TR624 tank because this tnk la obsolete, "he data .az primarily

- 11--~.4- for eai-tes of mtvt te -ir',; ---ar given for xvW of these rouwdt in i-e-'ent .ectionim of thie

In .d&. on to D M -n Aa-S ;

of!ng o .a~oin'% mKid Dibaea3 -- el.



(CO(N PJD iE NT 1A 1,

++

I I1 It t !1 t

t t I ! i TIl i i l:' + 4 LJ A t L4L i4.. i l I h t

* **iiti i! t ~ lt + + + !;Iil l + tl L ! ! + '

f i l 11 1 1 1

i ' , i | I . i "II I + I 2 It ,I II

[ lI [t 1I 
f

-! , ! . -, -,l ~~~~ ~ ~ ~ 11 1 t ii t i lti + l l t + , , + ! tt l '

Kli -_l t1 I j [ttD1t ttd'l b -1

A: i IA , 1 1 lt

I2 16

C, Y i F W Z iN T I I A fi



0~%-K T VVr%WI IL PV A VWINr WEiN ALfXLA

Sunaries of the firings against gasoline and diesel fuels are
given in Table VII ;nd VIII respectively. Conclttsions derived from
thib table are given at the bottom of each table,

TABLE VII

SUR,4AIY OF SHAPED CHARGE FIRINGS AGAINST LIGHTY OCTANE GA&OLINE
Cap. of Where No. of No.of %

Armor Container Hit rds. fired fires fires
Round t Obl.

2.36" HEAT 3" 00 5 BFL 10 9 90

.-0 13F1, .0i
00 16 0 >

3 0 16 ,L 10 9 9)
1" 00 16 AYL 10 9 90

3" 00 16 BFL 6 6 100

TOTAL (2.36" HEAT) AFL 20 18 90
DFL 26 25 96

3.5" HEAT 3" 450 5 A1- 6 6 100

31 450 5 BFL 3 3 100

5 1/4" 450 5 IFL 5 5 100
2-3/41" 00 55, 1 FL 1 1 100

3 O0 E26E4 AnL 12 10 83

0 T26Eh BFL 3 3 100
TOTAL (3.5" HEAT) AFL 13 16 89

BFL 12 12 100

TOTALS (all rds.) AFL 33 34 90
DE 38 37 97

.AfL - Above Fuel Level
D71 - Below Ful Level

Derivative Facts
!- 2.tAS" gave sliglhtly lower no. of fires than 3.5" on rds. fired below

2z No differene in the two rds. fired abnve i ieve&.
3. No difference apparent betveen rds. fired at various container sizes.
4. Rds. fired below fuel level gave slightly greater no. of fires than

i.)ire f'ad above fuel level.
5. No difference because of arm.,r thickness.

977
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TABLE VIII

SUMmARY OF SHARD CHARGE FIRINGS AGAINST DIESEL FIJEL

Round Armor Contairlir Whoro No. of 14o. of
t Obl. Capacity HIT Rounds 1'ires Fires

2.36" M6A6 HEAT 3" 0 16 AFL 10 2 20

i" 0" 16 Aln 10 2 20

.3" 00 16 BFL 16 2 12
90m T108E15 3" 0°  16 AFL 4 4 100

S3" 0 °  16 BFL 3 3 I0
3.5" HEAT 5-1/4" 450 55 AFL I1 5 45

" 2-3/41" 00 55 AFL 9 2 22

5-1/41 450 55 BFL 13 5 38
2-3/4" 00 55 BFL 6 ho

*AFL - Above Fuel Level

BFL - Below Fuel Level

Derivative Facts

1. 27% of hits above fuel level caused fires.

2. 31% of hits below fuel level caused fires.

3. 30% of rounds detonated against 16 gal. containers caused fires.

4. 37% of rounds detonated against 5 gal. containers caused fires,

Conclusions

1. Theee is not sufficient reasun, on the basis of these firings, to reject
the hycth13sis that probability of causing a fire is independent of
pcition of hit with respect to fuel level.

2. Considering variations in typAs of armor plate and detonated round, no
significant difference in vulnerability of 16 gal. cont"iers and 55 rai.

r~ntairisr is evident.

3. On thli basis of these firings, it is not possible to establish the
probabiiity of a fire as function of detonated round or armor plate
tn3ickness.
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hore have been relatively few firings of shaped charnz aainst
-nition because of the difficulty cf doing the test safel-, Table 1X

outlines data obtained by firing at three rounds placed approximately
one inch apart.

TABLE IX

90mm T EIMM vs. Armo.

Armor No. of No. of times 1,2, or 3 rds
No. rds. t Obl. Expl. exploded
Fired TARGET 1 rd. 2 rds. 3 rds.
7 3 rds. of 90mm APT33 3" 00 7 2 1

7 2 cRrtridge cases of 3" 00 7 3 4
..us:ian 85rm and 1 rd.
of inert 90n AT', Y133

It is notable that the vrmunition, both U.S. and Soviet, were ignited

when the propellant cases were hit.

Data Obtained by the British

The British have conducted several. firin:-s of shaped charge ammunition
against tanks, ammunition, and fuel. The detailed descri ,tion of l: .o
firings is given in ref. 17 t hrough 21. In addition to these firins the-
have done a large number of witness plate firings, which are firin,-s
through armor with measurement of back damage made by setting up thin
elates at various distances behind the armor.

CnP of the most extensive firing programs has been carried out in
firings ordered in British Grdn.nce Board proceeding f 687 which gave
some considerable data on the perforance of the Energa rifle grenade,
the 3.5 inch rocket, and the 95rt HEAT round against fuel, ammnition,
and witness plates. Table X summarizes these firings for the Encrga Grenade
against plate.

Conclusions that may 1c drawn f'rom this table are that the cone of
dawragc is independent of niate obliquity and that the cone of damage is
very narrow for the near critical thicknesses of ainor fired on. The cone
of damigo is defined as the cone including all the lethal spray of fragments
striking and perforating a 1/16 inch mild steel plate 36 inches behind the
.:,ain armaor.

;,J z: c:s tle reVlt,s of the ",rnr!;a Grenadc I>riri l.:roui h aricZ:-
oj anproxi.ratcl-y" 2'1j m., thickness at a group of nine rounds of 17 nir. A:'c
:Ai unition placed approximately 41 inches behind the arror.
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TABLE Xl

ENERGA GRENADE vs. 17 pdr. APCBC t.MMUNITION

Total No. of Shots 12

No. of Occasions Rounds Damaged 10

No. of Occasions Fire Occurred 3

Average No. of Rounds .naged when Damage
Occurred 5.5

No. of Fires Per Round Damaged 6/11

TABLE XII

"ITNESS PLATE FIRINGS OF STATICALL FIRLD 3.5" HEAT ROCKETS

Front ack

A.rmor Hole No. B Witness Damage(i/16"M.Se36")
No. Hole No. Avg.tlo. Avg. Cone
Rounds Thickness Obliquity Equiv.thick-Avg .dia. Perf. Av g.Dia.Rds. Frag/Rd Angle/d

am dei ness (mm) (In) _in)

10 200 32 236 2.1 9 1.0 4 28 310

3 200 37 250 2.1 3 1.2 2 21 260

25 130 56 232 3.1 18 1.0 4 28 370

6 130 58 245 3.1 3 .8 1 1!h

5 1 60 260 2.6 4 1.4 1 15

Table XI indicates that with low residual penetration there is a low
probability of igniting ammunition fires with the Energa grcnade.

Table XII summarizes the British witncss plate firings with the 3.5"
rocket showing a mean cone angle of damage of the order of 3,30 at three
feet behind the armor.

In firing the 3.5' rocket four times against 17 pdr APCBC ammunition
in a test arrangement approximately the same as that of the Energa de-
scribed in Table II fk,'r fires were obtained for four shots. Two fires
were also obtained for two shots into caliber .30 ammunition.

Table XIII shows uitne, ! dV.at_ on tho 9L-i M. AT ? +-.
: , = , ,.A) .yte s , ica meLn con of damage for

round as tho 3.51 rocket, which is a substantially groter o. e than
that for the Enorga. In firing on aminit~on with pproximnatcly the
z.zc tent zct,.up as that of Table XI five fires were obtained with
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five 95mm HEAT shots against 17 pdr. APCBC ammunition. Static firii.s
of this round into diesel fuel filled tanks caused one small fire in
five attempts. The one shot into a gasoline filled tank caused a fire.

TABLE XIII

STATIC W ITNESS PLATE FIRLNGS OF QF95 MM H IAT SHELL

Witness Plate Datz
Cone of

No. Armor Obliquity Equiv. Mean No. Avg.Frags/rd. damage
Fired Thickness dog Thickness Front Rds.(Perf. 1/16" at 3 ft.

mm mm Hole Dia. M.S. deg.
in. 3 ft. range)

12 200 15 208 1.8 7 31.5 27

ii" 130 51 206 2.5 3 18 30

* 10 Perforations; 0.6" mean back hole dia,
** 9 1.0" " " " "

For the firings against the plate at 51
°0 obliquity in Tabl.: XIII

witness plates were set up at six inches and one foot as "ell as three
feet. The cone of damage varied as follows:

Cone of damage Distance to Witness Plate
degrees ft.

75 .5

59 1.0
3D 3.0

These data are closely fitted empirically by the relation:

Di-tancs to witness plate(ft.) - 9.6 e -. 039 x cone angle in degrees

Alth. h !--ni ted in nature such data suggests that the higher velocity
fragments are rcar the J3 t after it passes through the armor. The resultk
m -- f ar on -_tness plate fir"' gs show promise as an aid to the ana ,y is of
tank vuLnerahility, However, much more firings will be needed to supplement
the existing fragrientary informatione

A %'alitative Descrijption of -'aped Charge Damae

For reasons of conciseness, data have been given in the form of
narumnrical assessments. However, the analyst of tank damage must rely

o..... a-m- . thlq rason. a brief iualitative
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description of the d-mage to be etpentcd from shaped charges is given,
Reference to Table V shows that the rounds fired can be divided into
several easily defined groups.

The first group is fin stabiliz.#d shaped charge rounds with copper
liners such as the 3.'5" Rocket, 90mm T106., 2.75" FFAR and 8 cm A. e These
rounds will usually do damage (providing "sufficient residual penetration"
is available) in a narrow cone along the path of the jet, Frap'.ents can
be expected to do damage to soft targets such as personnel and com..uni -

cations equipment* The fragments are not likely to ignite ammunition,
The jet will ignite the projectile propellant. The jet also will ignite
gasoline by a perforation into the fuel tanks either above or below the
fuel level.

Diesel fuel is not nearly so easily ignitable as can be seen in
Tables VII and VIII, There appears to be some dependence upon ignitability
of the diesel fuel and the size of the charge. Rounds with a large
residual penetration have an appreciably better chance of ipiiting this
fmna of fuel. Another effect in thc diesel 'Lei firings has been one of
container size. In the firings of the 3.5 inch rockets small containers
containiLng five gallons of Diesel fuel were not ignited in 13, attempts.
(See ref. 26 )

Exactly what constitutes 'ufficient residual penetration" cannot
yet be specified. The a-ount of damaging power left in a shaped charge
jet after a target perforation that is necessary to do damage will vary
depending on the point of entry into the tank. If "residual penetration"
is acceptable as an index, thc range of values that can be selectcd is
probably greater than one inch and less than three inches to do the type
of damage that is confined to a narrow path behind the perforation, A
figure frequently used is 2.5 inches residual nenetration. (See ref. 27)

The damage from shaped cha ges using other liner material.s is some-
what different. Detailed reports of this have been made in refs. 22 and
23. Materials such as steel or aluminum tend to cause more fragments to
fly off the rear face of the armor and thus fragment damage is more wide-
spread than from copper cones. However, neither steel nor aluminum lined
cones have as great a penetration as copper concs of the .ne dimeter
Both steel and aluminum cone shaped charges produce considerable pressure
effects inside a tank upon perforation. The pressure from aluminum cones
is apparently sornwhat peatcr th=n from steel. Te+s (ref. 16) on
anizaals placed in a tanK fired on by a 5 inch shaped charge showed them to
be unharmed unless hit by fragments. The approximat pressure mcasured
by paper blast gages was of Lhe Order ai1 r" poi. This pressrc did, how-
ever, tear off hatch doors and bend bulkheads witl'in the tank.

Although shaped charges do not in general wrTck a tarnk by ,heir own
enrgies. they are nearly equally as efficient as the kinutic enerry rounds
In igniting fuel and ammunition in the tank. Shaped charges are equally
as i-od as kinetic eierzr rounds at knockin- out the engine or transmission.

2 3
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They do not, however, assure a kill when a pcrforation of the tanks
armor occurs any more than do kinetic energy rounds of the same calibor.

Target Ch racteristics

Tables XIV, XV, and XVI contain information regarding the armor of
various tanks and the effectiveness of se-eral HEAT projectiles in
penetrating this armor..

Table XIV gives the probability of encountering an obliquity of 0
or lesg. for various tanks averaged over the expected angles of attack
if the attackring projectile strikes the presented surface of the tank
in a randoom manner. i. avurag,,1- the U3z"r-U. Aon of a n ... a....
was considered to be either circular or in the form of a cardioid, as
noted in the table. The circular distribution is approximately what
would be expected in the case of attack by hand hold AT weapons ard the
'-rdloid distribution is what would be expected from mounted AT guns. itef.
25. contains a discussion and derivation of the latter distribution.

!i I
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Table XV shows the probability of HEAT projectiles encountering an
eqai'valent armor thickness t, or less averaged over the expected angles
of attack for various tanks issuming that the projectiles 3trike the
presented area of the tank in a random manner. An equivalent armor
thickness is a thickness at 00 obliquity which gives the same protection
as some other combination of thickness and obliquity. The distributions
of attack angles are the same as used in Table XIV. Shielding by
external components was not considered in the preparation of Tables
11 and XV. However, the net effect of external components is to lower
the values in Table XV by about 10%.

TABLE XV

DIS71IBUTION OF E(UIVALENT ARMOR THICKNESS WIT RESPECT
TO }IMAT ROUNDS (Ground Attack)

Probability of Encountering te or less

4M48 M48 T-43 T-43 T34/85 JS IIIe (Circular)**Cardioid)+ (Circular)**(Caraioid )+ (Cardioid)+ (Cardioid)+

(in)

0 -

2 .18 .07 .06 .04 .22 -

4 .48 .37 .41 .31 .62 .16

6 .63 .57 .59 .48 .72 .23

a .72 .68 .68 .62 .76 .46

10 .74 .72 .72 .66 .76 .67

12 .76 .76 .74 .71 .78 .72

14 .77 .77 .75 .72 .78 .74

16 .77 .77 .75 .73 .78 .74

1 .77 .77 .76 .73 .78 .74

• te - equivalent thickness at 00 for HEAT rounds (w thickness of armor x
zmit of th e angle of obliquity) of arnnor measured from the normal
plane

*' Circular Distribution of Attack Angle.

Sta r d I n U
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Table XVI gives the port,,nri of tnu presented areL of the armored
parts of various tanks which can be penetrated from various angles of
attack. Shielding by external compcnents was not consdcrcd in the
preparation of this table.

TABLE XVI

Portion of Presented Area of Hull & Thrret That is Penetrable*
- C(Ground Attack)

An,,le of
Attack 2.36" linm .6'

(dc c) T43 T34/85 JE III

0 .o6 .22 .72 .08

30 .29 .16 .70 .00
60 .59 .66 .69 .00

90 .74 .73 .75 .61

120 .65 .70 .77 .62
150 .5 .53 .64 .0

180 .74 .76 - -

i .51 f;'r, M28AI

M48 T43 T34/85 JS IM

0 .60 .63 .75 .73
30 .67 .55 .79 .70
60 .72 .75 .77 .70

90 .86 .84 .76 .73
120 .71 .79 .79 .74

150 .74 .76 .79 .73
180 .75 .78 - -

-Renembcr that a penetration does not insure a kill.

JD
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TABLE XVI (Continued)

Angle of
Attack 6.5" ATIu
(deg.) M48 T43 T34/85 Us I

0 .72 .77 .79 .760
30 .74  .63 .79 .760

60 .75 .77 .79 .760
90 .87 .85 .76 .168

120 .72 .80 .79 .768
150 .74 .76 .79 .760
180 .75 .78 - -

90 .,{A?, T108
M48 T43 T34/85 JS III

0 .60 .53 .75 .702
30 .67 .52 .79 .637

60 .72 .74 .76 .623
90 .86 .84 .76 .713

120 .71 ,79 .79 .737

150 .74 .74 .75 .629
.80 .75 .78 -

2,8
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TABLE III (Continued)

Angle of
Attack

(deg) __.__..__75mm HEAT, M66

M48 T43 T34/85 JS III

0 .02 .05 .53 0

30 .07 .06 .53 0

60 .29 .37 .61 0

90 .W4 .56 .74 .504

120 .34 .50 .60 .171

150 .35 -33 .13 0

•180 .64 .67 - -

105mm HEAT, M67

M48 T43 T34/85 jS III

0 .05 .20 .60 .063

30 .20 -15 .62 0

60 .55 .53 .61 .099
90 .65 .63 .75 .596

120 .63 .62 .63 .576

150 .53 .51 .53 0

180 .72 .74 - -

METHODS OF DATA ANALYSIS

The reduction techniques of damage data for tanks have not yet
Drovided simple indicAR for the measure of the probability of a given
rc--rA killing a tank. o.ich firings assemble basic data from firing on
obsolete vehicles to provide an accurate estimate of vulnerability of
new or proposed tanks that have not "been fired on. The problem here is
to use a small number of actual fir -ings to give reliable overall dam ru
probability Psti-matAn.

Tahc technique of data reduction is influenced by what the data are
to be used for. One use is the comparison of the effectiveness of
specific weapons. A second is estimation of the number of weapons needed
to counter an enormj force. Assembly of data on relative kill probability
on the particular target tanks used -n e-perirents provide. a reservoir

289
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of knowledge te analyst must assimilate prior to making an 3stimate of

a -,apon's effsctiveness or computing a kill probability a-ainst any target
type.

Two principal methods are used for data roduction. These are called
the vulnerable area method and the distributed 3rea method. The "vulner-
able area method" is used when the target is small compared to the dis-
persion of hits on the target. The "distributed area" method is used
when the dispersion of the hits is arall compared to the size of the target.
!hose methods and some approximations that have been made are discussed
below.

ZiA Dis briiihbted Area Method

' he distributed area method vwill be described first since the vulner-
able area ietiod is essentially a simplification of it. Consider the case
when the probability of a hit being a kill by a proJectile of high velocity
and low dispersion is desired (such as the 9omm 'Tl16 round against the
JSIII). Terminal ballistic damare data of this round on the T26311 tink
are first assembled. These data include both thc auncrical and descriptive
assessments, ,x~amination is .adc of " I- da.inur~c resulting, from hits on
components where damage is obtained only a part of the time, such as the
suspension, the turret rinr, hull in front of driver's controls, etc. For
many other areas kill probability uill depend only upon probability of
perforating. I u:moricnl assonsmonts of dnaeo for various types of rounds
are compared to see if terminal ballistic damage after Derforation is
comparable (as are the 90mm T108 Rd and the 3.5 in'ih rocket). Examination
of the perforating and non-perforating hits Is made to determine reliability
of fuse action of chemical energy rounds.

Vulnerability drawings of the target tank are prepared which show the
arrangement of the interior components to the line of fire (see Fig. 2)
Using an overlay p.r.L the probability of a hit, the chance of nerforating
and probability of a perforation bein,- a kill are entered into each square
for a given point of ain.

7he probability of a perforation bcinp a kill is deteriined by
estimating the fragment pattern and the ex-ncted damage of the jet.
Reference to the qualitative description of dainage fr, , cach round is
used here. Numerical dariarc is c, mnuted by combining, the damage from
components lying in the path of the jet and fragments by the formula

(11-r( ) .....

where P , is ,he probability of M dwa.a occurring°

za is tho -crcent of J damiae resulting from a hit

on canponent, mail etc.
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This calculation is carried out for M, F and K damage for zcveral
views about the tank and hit probability figures are varied for each ra .
By summation, the probability of an aimed. round killing as a function of
range r and azimuth e is obtained. These data Can be combined with the
expected angu. u' and range frequercy of attack to give an overall figuro
of the vulnerability of one tank to an antitank gun firing a certain round.
Such values have been computed in the fo2Lowing table taken partly from
Ref. ?A.

TA13LE XVII

PROBABILITY OF KILLING JbIII TANK

Projectile Kill Category

YM F K

90mm HEAT T108 .50 .h7 .4

5n Cu Liner H.C. (assumed
same 'dispersion as 90T108) .66 .66 .60

All shots are aimed fire without range finder at center
of largest concentration of target vulnerable area.
Answer averaged using range and angular distribution
functions of BRL M590 ref. 25.

Another calculation made for the front of the JSIII compares the
90mm T108 HEAT round and the i5mm BAT HEAT round fired at the JSIII
Tank. The T108 round is fired under the conditions of Table XVII above
and the BAT guns were fired in a salvo of two using a spotting rifle for
aim. No mis-match in the spotting -ifle and the 105mm rifles was assumed,
(at tae present the mis-match is such that the values for the BAT rounds
beyond lOO yards will not be anpreciably higber than that for the T108r'u1d).

TADLE kVIII

COMPARIWON OF EFFICT OF 'IWO 105mm BAT ROUNDS WITH EFFECT
OF 90am 10 ROUmr

Rangf - Yds Probability of F Danage
or. Front of JSTII

.33 33

1000 .10 .25
l50o .o4 .16
2000 .02 .10
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The Vulnerable Area Method

The vulnerable area, which is the prod1uct of the hit nrobability on

the presented area and the probability of a random hit on this area being
a kill, is cacnputcd frm the overlay of figure 2 by merely assuming a
uniforn hit probability in each square. It is assumed that the point of
ii.i y ho -Inywlero on the tank. Tihere is no ran-'e cffect to be considered

for shaped charge &'m-nit.ion. Many of the present .y 3 'pc .. ":

have sufficient dispersion for hits to be considered in this mannor.
.cveral calculations have been carried out on tank vulnerability usinz this

1,ruthod and are included in the following table. Probabilities are fgivcer
in terms of either vulnerable area or the probability of a random hit being

a kill. the vulnerable area being the latter probability multiplied by the
presented area of the tank.

TABLE XIX

VULN-IABLL ARMAS (A JSIII TANK TO G(OUND ATTACH
BY SHAPED Ci.PitCE itOU&8 - FT2

Angle of Attack Rourd 6.5" ATAR L CuLiner 9Omni TIl-
.... . . . F K- ' PM F K

Front 39 34  21 32 23 14 5 6 3

600 77 51 31 68 37 23 30 20 6

Side 75 E/4 33 76 47 27 35 28 11

I2-0 74 51 30 73 42 24 41 24 14

To convert from vulnerable area t.o nrobability of a kill, the total

presented areas are needed.

TAILLE XX

PkirENT6 D Ai.A OF JbIII TANK. - FT'

Angle of Ultimate Penetrable Total Area Including
Attack Area Suspension

Front 34 62

600 82 142

Side L4 137

1200 86 "A4"

k Froin ref. 24 .

The probability of a random hit causinf! a kll averag ed over the
cpxectwd angles of attack, f(y) ' 1 (1 + os y) is given in the following

table and may be compared with Table XVII which gives the same figure for
airned fire averaged over the expected ranges of engagement.

293 Best Available Copy
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TATMEL. "I

PROBABILITY OF RANDO4 HIT FALLING ON TOTAL
PRESENTED AREA OF JSIII CAUSING KILL

Projectile Kill Cateo,.y
M F K

90mm T108 .18 .12 .05
5" Hc (ou lined) .49 .30 .17
6.5" ATAR (Steel Lined) .55 .41 .26

Comparison of Tables kVII and XXI shows the requirement for larger shaped
charge rounds when inaccurate Me is to be used.

The following table gives a summary of vulnerable areas on the
"34/85 Russian Tank to the 2.36 in and 3.5 in Rockets.

TABLE MII

VULNERABLk AREA OF T-14/85 - FT2

Ground Attack

Ankle of Attack Presented 2.36 H-, T M6 3,5" HEAT M28

Area Ft2  M F K M F K

Front 45 7 5 4 9 6 5

450 95 18 11 8 20 13 9
Side 97 36 17 15 37 21 16

1350 95 35 14 11 40 17 14

Rear 45 23 5 5 25 6 6

300 Air Attack

Front 87 19 17 15 21 19 16
450 135 30 16 14 35 21 17

Side 140 38 18 16 45 23 19
1350 3,35 45 17 -1,4 51 P0 17

Rear 87 4 7 6 46 9 7
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Table XXIII gives the vulnerable area of the m26 to the 3.5 inch
rocket.

TABLE XXIII

VULNERABLE AREA OF M26 TO 3.5" ROCKET Ft 2

Angle of Kill
Attack C te& Or

Front 7 7 2

300 18 11 6

600 29 16 U
Side 36 23 17

1200 33 16 n

1500 27 8 5

I.0°  22 2 1

'ome calculations using an approximation of the vulnerable area
technique have been made using the product of the probability of a
perforation averaged over the expected angles of attack and the prob-
ability of a kill in the unarmored components of the tank averaged
over the expected anries of attack. Calculations were made for the
average of the front and sides of the tanks only. These calculations
approximate the probability of a random hit being a kill on the
ultimate penetrable area, which is the penetrable area a tank presents
to a round of infinite penetration.

TABLE XXIV

APPROXIMATL PROBABILITY OF A RADOM HIT ON ULTI-iAIlr. i J1IM'iii.j
ARA OF SEVERAL SOVIET AiCIORED VzHICLES GIVING k KILL

Tank/Round 76M AT H0Em AT Tmm HEAT
M F K M F K 1 F K

JSIII .20 .16 .08 .37 .31 .18 .50 .4l .24
T34/85 .46 .38 .22 .47 .39 .23 .53 .42 .26

JSU 152 .44 .34 .19 .49 .4o .24 .53 .42 .26

SU 100 .44 .34 .19 5! .4o .23 .54 .44 .27

T ank/Round Bnerg Rifle Gn..rcde

F K

JSII .09 .08 .04
T34/85 .38 .31 .17
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A ro-h chcck of the consistency of those approximations can be
made by comparing Tables XX and XXI. This check shows that the values
shown for the 90mm T106 va: the JSIII showAn in Table XXI s1hould be*...
approximately half of those shown in Table XXIV, which is aoproxi.atcly
SO*

Evaluation of Present Methods of Analysis

'the present methods of analysis are not completely satisfactor,
Fairly reliable estimates of the probability of a hit causing a kill can
be made but the method is tedious. Additonal data is needed to reduce
the subjective elements of damage assessment. Further reduction of
rnxisting damage data should help.

The ccoputation of vulnerability by considering the chance of a
kill after perforation on each small area is cumbersome. However, it is
reasonably reliable and until a body of this reliable information is
assembled approximations must be viewed with suspicion.

The method of analysis does not yet accurately account for the
transition point between the inaccurate fire where vulnerable areas can
be used and accurate fire where the distributed area technique car, be
used. Where the gunner starts aiming at spots on a tank rather than the
whole tank as a target is not known and probably will depend to some extent
on the training'of the gunner.

Future analysis will be helped by witness plate data such as the
British have been obtaining for many' years. However, there appears little
likelihood that the vulnerability of a tank can be computed from syntheses
of many tests made only with simulations of tanks. The analyst of vulner-
ability must never be misguided into the assumption that an exact measure-
ment made of an assumed condition (such as the box tests represent) can be
used to the exclusion of the inexact measurement of the real condition
(-mInerability firings at vehicles).
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AUTT IX.. I

Cartridge, MAT, T1080 90m Gun . . . 300
Grenade, Rifle, H1ET, M31 (T37E4) . .......... ... 301
Rocket,, . . . . . .... . . 30.
Grenade, Rifle, EAT, .8 . . .... ...... 3n2
Shell, IAT, M307A1 for 57mm Rifle . . . ......... 3 303
Shell, HI1\T, M31OAI for l m Rifle . . . . . . . . . 301
Rocket, I'.AT, M28 (T0 2) l . . . . . . . . . . 304Rocket, HET, T20.5.9 3.511 • . • • . . . .. . . . 305

Shell, HsTi, M67, 105ram Howitzer . .. .. .. .. . .. . . . 3017
Shell, H::AT, 1.32t (T4*3) for 105m Rifle . . . .. . .. . . . . 308
ShellsMATO 1344 (TllgEll) for 10 mmRifle••••• . . 309
Shel.l, !MAT, M66 for 75nm Howitzer . ........ ... 310

NOTEr: Specific penetration rerformance for the ammunition described
n tis appendix is not given here. A list of some of the most use-

ful references where I netration data may be found is given. Pene-
trations are not given here for one or more of the following reasons:

a. Much of the data expresses penetration performance in terms
of complete or incomplete perforation of a given target
thickness instead of a,3olute penetration.

b. Target materials used to obtain penetration data are sometimes
insufficiently described to permit use of data reported.

c. Penetrations given are frequent3y achieved with experimental
modifications of the round which do not permit it to be con-
sidered' a typical.

d. Much of the penetration data which can be found was obtained by
probing, the hole in the target. The error possible in such a
determination of penetration, because of variations in slug
length, and of the amount of jet naterial deposited in the bottom
of the hole suggests caution in citing this data for penntration,

All references cited are available at the Technical Information Branch
Aberdeen Proving Ground, Maryland. Abbreviations used in designat, n r
references are as follows:

APPF - Arr7 Field Forces 0CM - Ordnance Cct-nittee Metinutes
ATG-FR - Aberdeen Proving Ground OCO - Office, Chief of Ordnancc

Firing Record 010 - Ordnance Intelligence Office
NMVOlD - Navy Ordnance Reports TM - Technical Manual
NUG - Naval Proving Ground 1DA - Weapons for Defeat of Armor
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CARTRIDGE, HEAT, T108, 90MM GUN VWiFUZE PIBD T208E7

Reference: WDA, OCO, Vol 1, Apr. 1953

Muzzle Velocity: 2800 f/s
Fxplosive Charge: Composition B

Yerience: OCM 33165, 16 Feb. 1950

Penetratlion Requirements: Through 5" of Homogene(.us Armor at 600 Obliquity

Penetration Reero eices:

APG FR 49200, 3ept. 1951 AVC- FR 55338 ')ct. 1952
APG---r -- , Apr. 1952 APG FR 55812, Mar. 1953

APG FR 52896, Aug. 1952 APG FR P-59892 (Not yet published)
IA O%1,CO, Vol. 1, Apr. 1953

3co
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GRENADE, Rrlii;F,-AT43! (T374) W/ UZi, GRETDIE RIFLE. PIBD PiC

Reference: AIF Board No. 3 Report P2543, Mar. 1953

Fin Stabilised
Cons Characeristicst

Material: Copper
Apex Lngle: 450
Cone Diameter' 2" (Approx.)

Explosives: 0.78 lb.Composition B
Total Weight: 1.6 lb.

Heferenco: O",, 0CC, Vol, 2, Nov. 1953

This round is to replace Grenade, Rifle, M28

Penetration References:

AFO Report, Project TA3-59114I, June .1952
APG Report, Project TA3-5911/2, Juy 1952
APO Report, Project TA3-5911/3, Nov. 1952
WDAO OCO, Vol. 2, Nov. 1953

ROCK3,T, 1I1AT, 3.5", T230

Rcforence: IWDA, CO, Vol. 2, Nov. 1953

Similar in most respects to the T205 except that the round will have
a rmaximum volocity of 700 frs. Total weight of round is to be 4.5 lb.
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GRENADE, RIFLE, HEAT, M28 (F.NERGA) T41

Rfcerence: WDA, 0CC), Vol. 2, Nov. 1953

This round is the American version of the Belgian Energa and is to be replaced by Grenade,
Rifle, HEAT, M31

Reference: AFF Board No. 3 Report P2543, Mar. 1954

Muzzle Velocity: 174 f/s

Reference: 010 325, Sept. 1947

Explosives: 0.715 l1). Composition B
Total Weight: 1. 45 lb.

Pe-netration Reierencvi: A?6 Ropuit. PrOJeCt TA,1-59l1/l, *'un. 1952
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SIELL, H":I M307AIl FOR 57i-', it.z CIL, SS IF Z

Refereneet Ord Dwg. 75-.2-354 28 A . .1953

Liner Characteristics:
Hemispherical type with Spitback Tube
Material: C oper
Wall Thicknoss: 0%8"
Liner Diameter: 1.6" (Approx.)
Radius of Curvatur': 0.841

Reference: Firing Table FT57-E-I

Muzzie Velocity: 1200 f/s
Rifling: 1 Twist/30 Caliber
Spin Rate of Shell! 213 Revolutions/sec.

Pen-tration Reforonces: AFG FIL P45028, 21-28 Apr. 1951

SIELL, PEAT. 1131OAl FCR 751-.! RECCILLzSS RIFI2

Reference: APG FR 50546, 6 Nov. 1951

Striking Velocity: 1000 f/s

Reference: Ord. Dwg. 75-2-315, 17 Mar. 1953

Cone Characteristics:
Material: Copper
Wall Thickness: .073"
Cone Diameter 2." (Approx.)
Apex Angle: 42

NOTr.: The sam liner as is used in the 75-..n Hoitzer
17AT round 1466 is used In this round.

Reference: firing Tabie FT-75-B-2

Mizzle Velocity- 1000 f/s
Rif ilir -! Tw nt',- f . ,.,

Spi, l te 11. 15 Revolutions/sec.
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..
ROCKET, HEAT, M28, (T80E2)

Reference: OCM 32304, Aug. 1948

Modified to M28A2 by replacing the base fuze P. D.
T200GE2
Fin Stabilized
Muzzle Velocity: 325 f/s
Explosive: 1. 93 lb. Composition B

Reference: Ord. Dwg. 82-5-131, 28 Mar. 1952

Cone Characteristics:
Material: Copper
Wall Thickness: . 093"
Cone Diameter (Approx.): 3. 08"
Apex Angle: 420

Penetration Requirements:
Defeat 12" of 3rmor 60% of the time
Defeat 11" of armor 100% of the time

Penetration References:
AFF 8-oarl No, 3, P-2579 APG FR R2889, Jul. 1952,
APG FR R2888, Jul. 1952 APG FR R2890, Jul. 1952
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ROCKET, HEAT, T205, 3.5" W/FUZE PIBD T2030

Reference: APG Report, Project TU-2-1015 A/I, Jul. 1953
Cone Characteristics:

Material: Copper
Wall Thickness: . 075"
Cone Diameter: 3.09"
Apex Angle: 450

Muzzle Velocity: 440 f/s
Explosive: 1. 5 lb. Composition B

Reference: OCM 32753, Feb. 1949

Penetration Requirements:
Defeai 12" of Armor at 00 Obliquity )
Defeat 7. 9" of Armor at 450 Obliquity) 9C1%of the t1--e
Defeat 4.7" of Armor at 600 Obliquity)

Accuracy Specifications:
75I probability of hitting a target 7' wide x IR' high
at 500 yards with first round.

Penetration References:

APG FR 3036, Jun,. 1953 APG Report, Project
TU2-1015 A/I, Jul. 1953
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r

SHELL, HEAT, M67, 105MM HOWITZER

Reference: Ord. Dwg. 75-4-107, 29 Aug. 1950

Cone Characteristien:
Material: Steel
Wall Thickness: . 103"
Cone Diameter: 3.23" (Approx.)
Apex Angle: 420

Reference: Complete Round Chart, Apr. 1954

Explosive: 2.93 lb. Composition B

j. Reference: Firing Table, FT 105-H-4

Muzzle Velocity: 1020 f/s
Rifling: I Twist/20 Caliber
Spin Rate of Shell: 148 Revolutions/second

1Penetration References:

I APG FR 33438, Sept. 1944
APG FR 34445, lo. 1944
APG FR 36802, Apr. 1945

CONFiV'NT|AL
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1

SHELL, HEAT, M324 (T43) FOR 105MM RECOILLESS RIFLE

Reference: Ord. Dwg. 75-4-107, 29 Aug. 1950

Cone Characteristics:
Mate rial: Copper
Cone Diameter: 3.23" (Approx.)
Wall Thickness:. 103"
Apex Angle: 420
The cone dimensions are identical with the cone
prescribed for the 105mm M67 shell.

Explosive: 3. 00 lb. Composition B
Spin Stabilized (Pre-engraved Band)
Muzzle Velocity: 1250 f/s

Penetration References:

APG FR 48650, 18 Jl. 1951 APG FR 52363, 23 Jul. 952

Reference: Firing Table FT 105-AH-2

Muzzle Velocity: 1250 f/s

Rifling: I Twist/20 Caliber
Spin Rate of Shell: 181 Revolutions/see.

I&I
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|A

SHELL, HEAT, M344, (T119E11) W/F PIBD

T208E7 (ELECTRIC) FOR 106MM RIFLE

Reference: OCM 34899, 1 Jul. 1953

Folding Fin
Explosive: 2.79 lb. Composition B
Muzzit Velocity: 1650 f/s

Reference: Ord, rlwg. 75-2-510, 31 Mar. 1954

Cone Characteristics:
Material: Copper
Wall Thickness: . 100"

Cone Diameter: 3. 56"
Apex Angie: 420

Penetration Reference3: 1st Memorandum report on the
"Lethality Tests of 106mm ShoL,
HEAT, Tll9E11 - M344) "Prc-
Ject TAI-1540 Jul. 1954, frorn
APG to OCO.

30u9
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SHELL, I LA, FGH 75MM H(nATZE

Refer" O. Dg. '-2-35, Rev. 17 mar. 1953

Coe Characteristics:
Material: Copper
Wall Thickness: .073"
Cone Diameter: 2 1" (Apprax.)
Apex Angle 

l

Eploeives r, Jo. Composition B

Referem tiring -iabis FT-75--3

assle Velooity: 1000 f/8

Rifling: 1 T~t ,/20 Caliber

Spin Rate of Shell: 200 Ptvlutions/sec.

Pmqt~uc Re O AJ( PF P33263, Sopt. )3W4
AFO FR 148W4. mar. 19'0l



C' f1ITl'TFr')l. 7TUr A T

C(CIN- JL E 1.E.A N 9L..,

iiillNDIIX II

IMR-1'10 TY~i-:) 01V A I'RJWiTIGN (SOVIrT)

Soviet HLAT i1roJectile for
12mmllow.. Mod-3 . . . . . . . . 312

Soviet *&kAT Projectile for

76.2mmRegt. GunM od- 27 . . . . . , * . 313

Hollow Chrge Shell 7.5cm OR 38 . •. • • 314

Soviet Grenade, Hand, HIAT, Model RPG-6 . 315

Soviet Grenade, Hand, AT, Model 1943 . • • 316
aPo h3

Intelligence Reports c- Miscellaneous . . 317
Soviet HEAT Ammunition

NOTES: All references cited are available at the Technical Information
iranch Aberdeen 1roving Ground, Maryland. Abbreviations used in
designating references are as follows:

DA-PAM - Department of the Army - Pamphlet
OIN - Ordnance Intelligence Number

(Ordnance Technial Intelligence Office
OTIO - Ordnance Technical Intelligence Office
OTIS - Ordnance Technical Intelligence Sec-ion

A'-F - Special Text - Foreign
TM - Technical Manual

As will become apparent from a perusal of the following pages, there
is a severe lack of information regarding Soviet Ammunition.
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4.308"

.4 2 4.215

.753"

4.917' DIA.

SO'IET HEAT PROJECTILE FOR 122MM HOWITZER - MODEL 38

Refernces:

ST..F-87 p. 261 OIN 3317 ST-F-66
L - -2. '12 OIN 4204 ST-F-74
OJN F-45 uN aO0 v LJ' vwg. No. 40
OIN 492 0 QIT 2009 APG .... 5C....

Cnne CiharacteriRtlcs'
Material: Ferrous, Cast
Wall Thickness: . 106"
Apex Angle: 4Q0

Vr e .ration againsi humgencou armor plate, staically fired: Max. penetration 5. 5"
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2.360' DIA.

.075
3.828

.471" DIA.

SOVIET HEAT PROJECTILE FOR 78.2MM REGIMENTAL GUN, MIODEL 27

ST-F-87 p. 190-193 ID 588910 p. 109 OIN 45!7
ST-F-66 TM 30-240 p. 54 OIN 3197
ST- F-74 • OIN 3352 OIN 4178

OlO Dwg. No, 22

Weight of -Projectile: 8. 7 lb.
Expa.onive: 1. 14 lb. Cast Cyclotol

NT.EZ: Tracer element in base of thell

313
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HcJwA CHORGE &EL. 7~4 OR -

Reference a

ST-F.87 p. 190--193 OIN 3352
ST-F-66 OIN 4617
ST-F-74 OIN 33.e97

D56910,v P. 109 0Th 178
IM 30-24~0, p. 5I4 OTIO Dwg. No. 22

Static IFlrd Penstration: 1.8* at 30% Obliquity
2.17" at 0 Obliquity

314-
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3~rdeA:ml

4Sft Le2

01 Punll Pnand Tb

@DSaikerin Ra ngPnadSig

@Anti-Creep Spring

@Striker Lock
®11Detonator Booster Assemuly

HA14LE ASEMBY SFETYCAP CH0 Grenade BodyQ HADLEASSMBLY (~)SAFTY C?' CM@ Check Ball

SOVLX- _-RCNADE, IDHEAT, MODEL RPG-6

Refet-ence: DA PAM 30-2, p. 13 Reference: OIN 5050, n. 4

Penet ration: Up ',o 3. 04" armor Explosive Filler: TNT

Reference: DA PAM 30-50-1, p. 102 Average Rangc: 17-25 yds.

Elfective against concrete pillboxes
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I9

A I. .)aft ee

L2 ':')Pull Pin and Ring
* (IStabilizing Cap

;."Stabilizing Cap Spring
(i) Fabric

UA.EA~(?- Safety Pin
( )Safety Screw
(4')Detonator Booster Assembly

(i Grenade Body
(O Safety Spring
C!)Firing Pin

_________®rt (TClosing Cap Disc
(i !Clouing Cap

SOVIET GRENADE, HAND, AT, MODEL 1943 RPG 43

:L' ,ence: APG-O-501-'*

Weight of Grenade: 1, 200 gms.
Penrtration in Armor: Up to 15mm
Not recommended for twe against the track of suspension system of a tank.
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INT-MLIGENCE REfOTIS ON S(VIET iEAT kAIMMITION

Panzerfaust: A copy of the German PInzerfaust 150 which
had a -ange of 165 yards and the ability to penetrate b"
into armor, Ref: DA-PAM-30-2

Rifle Grenade Model VFT-S-1 j: Armor penetration given as
1.6" Ref: DA-PA4-30-2

Hand Grenade, Model RO-43: Effective against armor up to2.95r thick. rmf: -)A-PAM-3C-2

Average aange: 17-22 yds. D'-PAM-30-50-1
Explosive Filler: 1.35 lbs cyclotol OIN 5150

Anti-Tank Rifle Grenade, VPI

lief: OTIS File
range: 50-75 meters
Explosive Charge: 334gms. of Compressed TNT
Penetration: Armor at 600 Obliquity: 30m

31?
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APPENDIX III

IVQIG (IMISCELLANLOUS)

Haller *******,**** 320

8cm. Oerlikon . . . . . . . . . . . 321

Panzerschreck . * SS .322

Panserfa,.wt , ......... 323

NOTE All references are avail.able at the Technical Informtion Branch,
Agirdeen Proving Ground, aryland. Alibrviati-ons usod in d~gtr
reference3 are as follows:

Q(S- Canad.an Armamer~t Research and Development Es-ablishment
NAVORD - Navy Ordnance 1Beports
APO..FR - Ab3rdeen Proving Ground - Firing Record
ID - Intelligence Departmient

Ordnance Technical Intelligence Office
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8011 MhUJaKUU QSMwISS) A3Fl.0iA)'T ROCKETS

Referene Navord Report 1901. 16 Aug. 195-

Weight of Explosve :. .r..
Maxim= Spin Rate Dua to 8 a~ated Nozzlos: 1200 rim
.Oenetration into Platet At 0 Obliquity: 7.09"

aeferenes APG Firing Record R-2617, 26-28 Feb. 1951

Explosive Loadingt Pentoole

321
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RM4ZEPACHF(CK

Refarence: WD 045677/13, dated 1949

Majimum Mange: 15D motrs

Penetration: 7.9-' Armor

322
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. . ..

PANZERFAUST
i Referenceo: iD 9456"77/i3 dated 1949 DA - PAM 30-2, p. 22

~Explooive: 3.5 lb. 55/45 Cycloto!

Penetration: 7. 9" Armor

323 
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rW3BT ARMMV

Twnl, soiet, is ni. .. **.. 326

Tarac S&mist T34/C.,; . 32?1

51f~P~O~g1d 0rnsoviet, su-3.QO 328
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6 Chief of Ordnance 2 Commander
Department of the Ar07 Naval Proving urounn.

Washington 25, D. C. Dahlgren, Virginia
Attn: ORDTB - Bal Sc cy

ORDTA - oY 3 Commander
ORDTS - cy 'N*aval Crtdj'rce LaboratoryORDT - 1CY White Oak

ORDTU - cy Silver Spring 19, Maryland
ORDTX-AR 1 Of interest t:

Dr. S. J, Jacobs

10 British - OPRDU-SE, Foreign Dr. 0. K. Hartman
Relations Section for M r. D. T. O'Connor
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2 cys - British Joint 1 Commanding OfficerServioes Mission 1 Cmadn fie
Servics Miryioo Naval Ordnance Laboratory

Attnt Miss Mary O Scott Corona, California
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A. Highfield
J. LyalU 5 Commander

Naval Ordnance Test Station
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Valcartier voyal Research Laboratory
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Washington 25, L. C.
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U. S. Air Force for Aeronautics
Washing on 25, D. C. Ames Aeronautical Laboratory
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Cmanding Officer 1 Director
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3 Commanding Officer Attn: Mr. H. S. Morton

Office of Ordnance Research
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DVWe Station Applied Physics Laboratory
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I Professor of Ordnance

U. S. Military Academy 1 Armour Research Foundation
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ArW Chemical Center, Maryland 209 W. Jackson Boulevard
Chicago 6, Illinois

I Copmanding Officer
Engineer Research & Development 1 Arthur D. Little, Inc.
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Fort Belvoir, Virginia Cambridge 42, Massachusetts
Attn. Technical Intelligence Attn: Dr. W. C. Lothrop

Branch
THRU: .strict Chief

2 Chief of Engineera Boston Ordnance District
Depament of the Army Boston Army Base
Waington 25, D. C. Boston 10, Mass.
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Structure Dev. Branch 1 Budd Manufacturing Co.
Red Lion Plant

Comadiug Officer Philadelphia, Pennsylvania
Rook Island Arsenal
Rock Island, Illinois 'rRU* District Chief
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Attn% Mr. K. H. Jacobs Pittsburgh, Pennsylvaaia

Mechanics Research Zpt. Attnt Dr. E. M. Pugh
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1 Cornell Aeronautical 1 Inztitute for Air Weapons Research
Laboratory, Inc. University of Chicago

445 Genese Street Museum of Science and Industry
Buffalo 21, New York Chicago 37, Illinois
Attn: Mr. Richard A. Attn. Mr. Paul F, Shanahan

Eldridge
Special Projecs THRU: Commanding Officer

Dept. id Central Air Procurement
District

THRlU: District Chief 165 North Canal Street
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Sibley Tower Bldg. 1 Stanford Research Institute
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Eastern Laboratories San Francisco Ord. Dist.
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2 Firestone Tire and Rubber Co. THRU: District Chief
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Cleveland 14, Ohio

THRU: Chief of Naval Research
1 Profc3sor J. W. Beams Department of the Navy

Chairman, Department of Pyics Washington 25, D. C.
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Institute for ,iathematical Department of Physics
Sciences Harvard University

New York University Cambridge 38, Massachusetts
New York 3, New York
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I Dr. Harold E. Edgerton Watson Scientific Computing

assachsetts Institute of Laboratory
Technology 612 West 116th Street
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Hacrvard University The Institute of Advanced Study
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Research Laboratory
General 2lectric Company
Schenectady, New York

Professor John 0. Kirkwood
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Department of Chemistry
Harvard Universaity
ambridge 38, Massachusetts
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The references s.re to pages

Abel's equation of state 122
Ammunition (See "Rounds"I
Annealing of liners, 7, 89

Barium titanate generators i2 150 151, 167
BirkhPff, 0., 5, 13, 19, 165, 16, 167, 189, 193., 201
Blacklngton, 0. W., 4
Blast damase from HEAT ammunition, 107, 108
Boostering (See "Explosive Charge")
Breidenbach, H. I., 15, 24

Calhoun, J. J., 4
Chapman-Jouguet, 193 121
Church, J. H.,
Clak, J. C., 5, 13, 214
Clark and Fleming, 177
Clark and Seeley, 14
Conant, J. B., 5
Corning Glass Co., 5
Cranz, Law of 29, (300 also "Scaling of Shaped Charges")

Damage beyond target
Liner material for, 108

Davis, C. 0., 5
Defense Against shaped charge , 7 (See also "Targets")

Active vs passive,. 256
Armor for, 10, 31

Doron, 262
Explosive, 255, 256
Formica F-56, 262
Glass, 11, 256, 260, 265

Installation of, 265, 266
HCR of, 11
Spaced, 107, 199, 258, 259
Spikes as, 256
Thickness requirements of, U
Titanium as, 255
Weight of, 1.

Cutting charges for, 256
Del C~mpo, A., I
Demoli ion charges

M2A3; 5
M3, 5

Density laws, -!0
rl-onation (See "Exlosive Charge")

:c .c.rch in , 170
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Effectiveness of shaped charge, 269
"Anti-wmnition" evaluation, 279, 281, 282
"Box" test for evaluation of, 27k
Damage defined

"F" damage, 270
.K" damage, 270
I'M" damage, 270

Historical data on, 270
Igrtion of fuel and amunition, 269, 277, 278
Idaner material related to, 283
list of standard assessments for evaluation, 272
"Personnel kill" evaluation for, 273
Proving Ground flrings for evaluation of, 271, 274
"Residual* penetration for, 269, 281, 283
"TankKills defined, 269, 270
Witness plate firings for evaluation of, 279, 281, 282, 296

B.chelberg r,, R., 10, 11, I5, 20, 23
Maerg rifle e--ade, (See grenades)
Eshbach, Wilhelm,4
Evas, W. M., 5
Explosive

Obelt", 113, 114, 127, 128
Chapman-Jouguet condition in, 19, 121
r.hae 

%

..har.'-. to macs ratlo 22
(Mend.cal eanergies in,

Explosive charge
Asymetries within, 119, 129, 132, 133, 134, 201
Cli.racteriatics of, Table 13

Correlation between, 124, 125
Densitf.es of explosives, 124, 134
Detonation velocities of explosives, 124, 134
Sensitivities of explosives, 124

Confinement of, 20, 63, 86, 107, 109, 1.10, 113
Confned va unconlined charge3, 86, 107, 113, 114, 127

i)etonation of
Chapman-Jouquet cordtion in, 121
Conservation, equations of, 121
Parameters of detonation vs performance, 134
Prese-res in the detonation process, 19, 122, 123, 124, 127, 129, 133
Procese of, 19, 119, 121
Rankine-Hugoniot relation in the, 120. 121
Reaction zone in the, 19, 119
State, Equations of

Abel, 122
Jones, 122
Leonard - Jones - Devonshire, 122
Wilson NKstiakowsky, 122

Temperature, in, 19
Theory of the, 119
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Ixplosive Charge (Oontinued)
getoi.ation of (Continued)

Tilt of detonation front 133
Velocity of 122, 123, 1249-,34

Pin technique for obtaining, 22
Explosive "Caensated" charges, 99
Geometry of

Cylindrical vs tapered charges, 107
Diameter of charge/dia.eter of liner ratio, 85, 86, 113, 127, 128
Length of charge, 307, 113, 126, 127, 128, 129
Length of charge/diameter of charge ratio, 127, 129
Length of charge related to hole volme, 107
Tapered charge, 16, 107

Initiation of
Boostoring height, effect of, 112
Eccentric, 113
Types of initiation

Peripheral, 19, 128, 129
Plane, 128, 129
Point, 1W3, 128, 129, 134

Materials for, 3.23, 124
Aluminized explosives, 127
Armonium perchlorate corpounde, 127
IBTSIWAX 90/10, 1214
BTNHJ/. 90/10l 1214
Coosition A, 124, 135
Coposition B, 1314, 335
Composit;m C 124 126
Cyclotol, s~ 12t~, 126
Cyclotol70 30, 124 , 135
Cyclotol 75/25, 1214, 135
Ednatol 5o/50, 324, 126
HRI-I 124, 135
HMX, 136
Nitroglycerine, 132
NitrCmet4ane, 132
Octol, 134
Octol 75/25, 124, 135
Octol ?7/23, 124, 135
Pentolito 50/50,' 124, 126, 128, 135
Pentolite 25/75, 124, 126
PTX-2, 124, 135

Tetratol 65/35, i 24, 126
Tetratol 73/30, 124, 135
TNT, 1,24 126, 13
Torpex 50/36./13.5, 124, 126

Multiple shock reflec-tions in, 20
Parametor of oxp!osive charge related to hole volmie, 125, 126, 127, 129
Preparation of, 3-7, 129

Casting, 129, 130, 132
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,S=losiVq Charge (ontinued)
Preparation of (Continued)

Centrifuging castlnp 131
Fundamental procedure in, 130
N, h-n-n from larger casting, 131
' aeuum melting, 131, 132
Vibration of casting, 131

Goals in
AxLal Symetry, 129, 130
Maximm density, 129,, 130, 132
Uk4forwity of e~losies, 129, 132, 134

J.quid, 132
Pressing, 129, 130, 32, 1314

"Release Wave" concept in, 20, 24
Sulpe of, 107
Unlined cavity explosive charge, 2, 3

Penetration vs standoff for, 2
Wave shaping, 19, 139

Fireman, E. L°, 10, 31
Flintkote, 13.1
Flash radiography of

CollaUsdng 3=1nes, 13
Glass effects on Jets, 31, 261
Jet pictwes from:

Cylindrical liners, 204
Fluted liners, 220, 221
Rotated liners, 177, 178, 179, 180, 181
Trupet shaped liners, 202, 203

Three tube system for 177
Frapentation damage from HFJ.T, 107, 108
French 73um HEAT ammuuition, 107, 108
Fuchs, X., 27

Aring syntems for, 142, 144
Acceli. tion devices in, 1043, 14i

Electrical systems for, 14t", 142
"Graze" action in, 11114 150, 153s 155s 156$ 157
Hermetic sealing of, i4
High velocity projectiles, 139, 141, 142
Long standoff type, 169
Low velocity projectile, 139, 142

Mecanical, 141, 157
Pradamity. 139
Safety elements in, 139, 1144, 145, 170, 171, 1"/t
pitback type, 113, 141
Tiw.m reru.rements for functioning of. 139, 141
Types of

"'Jne piece", 168
Model LgMKI, 171, 173
Model LqM2, 17., 1174
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Fuzes (Continued)
Types of (Continued)

1404, 157T208,' 31a 145, 146, 147, 148, 150, -152
T208E7, Z45, 1Z8
T224, 142, 161, L62, 163, 164
TiOfi, 142, 161, 166
T2028, 142
T2030, 142, 158, 159, 160, 165

Gray, J. C., 4
Grinadee

~erga rifle 171, 172, 280 281
Fu for, 171, 173, 17t, 175

Had and rifle, 169
T37, 168

Oulf Research Laboratories, 6

HCR, Ul
HEAT, I
Heine-GmIdern R, i
Helie's Law, jL
Hill, F. I., 269
Hill - Mott - Pack

Penetration equation, 30
Theory of jet penetration, 9, n, 256

Hole volwo.
In target, 34, 45, 104, 313, 114, 129
Related to charge parameters, 125, 126, 127, 129
Vs charge length, 107

Jets
Area cross-section of, 7, 79, 185
Bifurcation of, 34 (See also "Rotation")
Break-up of 27 29, 37, 49 99, 190, 193 (See also "Rotation")
Density of 7, 8, 31,3%, 3P 4, 50, 108, 185
Diameter of, 5

Ductile drawing of, 9, 27, 29, 32, 108
Glaas Effects on Jets,U1
Length of, 8, 21, 96, 97, 99, 100, 108, 185, 195
Hass distribution of, 23, 27
Mass ratio slug/jet, 20, 22, 26
Mcmentums of, 8, 34
Obstructions in jc- axis, 05
Penetration vs. Jet length, 30, 49v 100, 185
Rotation effects upon jets (See Rotation)
Slug to jet mass ratio, 20, 22, 26
Stability of jet vs. liner thickness, 193
Stresses and strans -within, 99, )SO

"IFrst orde9tkieory of formtion, 22, 23
ydtodyMiidcal "heorr, 13, 20, 25, 26

"'Zro Ordar" thecry of fo-ninvtiora 20
. : :in 2
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Jots (Continued)

Ultea fast jet3, 27
Velocity gradient within, 5., 8, 23, 27, 31, 32, 49, 94, 95, 96, 97,

98, 99, 100, 190
Velocity c-f jets frwu cylindrical linrs, 1J4
Velocity of jat va liner apex angla, 89, 91, 93, 257
Velocity of jet vs. liner thickneso, 89, 90, 92
Velocity of jet tail, 99
Velocity of jet under peripheral initiation, 32
Velocity of Jet Ts velocity of penetration, 7, 8
Velocity of penetration of, 7, 30
Velocity ratio slug/jet, 20, 22

Jones' equation of state, 122
Jones, H., 122
Jones, W. N., 5

Kanders, rich, 4
err call photography, 177
essenrich, G. J., 4

Kistiakowsik, 0. B., 5, 6

Iawmo, W. E., 12
Leonard - Jones - Devonshire equations of sate, 122
Liners

Alipment of lr4r in charq4, 112
Apex

Angle
Apex angle vs penetration, 60, 62, 257 (See also *rotation")
Apex angle :n projectiles, 109
Initial jet velocity ves apex angle, 89, 91, 93

Configuration of ,6
Sharp apex vs4 pitback, ill

Assmblyi Liner to body
Cmenting, 111, 112

Locking groove, 111, 112
Ring, 111, 11

Aial sysmetry of, 58
Co13Ap8

Angle of, 1, 15, 20
Process of, 20, 119
Prof%1le of,, 23
Velocivy, 20, 22

Configuration
Conioal, 20,, 4.6, 108
Cylindrical, .1, 83, 204 205, 206
Double Angle, 46, 83, 0, 109
Fluted, 20, 34, 177 W8ee algo !Sin Go,%ensationf)
Heuis :eical, 45, 46, 82., 83, 109, 177
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Liners (Continued)
Cnfiguration (Continued)

Spherical capped, 45, 62
"Spiral" fluted liners, 35
Trumpet, 45, 46, 109, 177 (Sao also "Rotation" and "Spin Compensation")
"Wavy" fluted 3irrs, 35

Design parameters for, 62, 104, 107, 109, I0 (See also "Spin Compensation")
Diameter of

Defined, 46
Penetrations requiring specific diameter, 1014

langes in, 85, 86, 113
Fluted (So* "Spin Compensation")
Geometrical accuracies in, 49
Manufacturing methods

Casting, 47
Drawing, 47
Electroforming, 47, 63, 78
Machining, 47
Shear-forming, 247
Spinning, 46, 47

Materials, 9, 29, 108, 199, 201
Aluminum, 9, 50, 63, 66, 67, 70, 71, 72, 73, 92, 93, 95, 108, 242, 283
BeryliAl copper, 89
Bimetallic, 79, 108
Brass, 3
Copper, 9, 27, 50, 63, 64, 65, 70, 71, 72, 73, 74, 84, 87, 89, 92,

93, 95, 108, 199, 200
Copper clad, 79, 108
Glass, 49, 50
Iron, 29
Lead, 50, 63, 69, 95
Paraffined paper, 3
Steel, 3, 9, 27, 29, 50, 62, 63, 70, 71, 72, 73, 84, 85, 86, 87, 89

s'?, 93, 108, 128, 129, 242, 283
Zamac-5, 47, 63
Zinc, , 50, 63, 68

Metallurgy of, 49, 87, 89, 200, 247
Annealing, 47, 87, 89
Crystalline structure of liner material, 29, 49
DuctIlity of liner material, 108
Melting point of liner material, 108

Hon-Alignaent. of liner in charge, 112, 113
Tilted liner, 112

b'u&c ions within cavities of, 85
Per formqnce

Measures of performance, 45, 104, 107, 108
?enctration, 2

3-,j -" tubes in, 87
Attaohing. spitback to liner, Ill
Dimensions fo. ll
Snarp apex vs spitback, 11
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Liners (Continued)

Tapered walls of, 83, 84, 85, 109
Thickness (See also "Spin Coipensation")

Apex angle as ralated to thickness, 61, 62, 109
Confinement az related to thickness, 109, 110
Geometrical non-uniformities, 51
Initial jet velocity as related to thickness, 89; 90, 92
Jet stability as related to thickness, 193
"Optimum" wall thickness, 109
Penetration under rotation, as related to thickness, 197. 199
Variations in thickness, 3, 57, 109
Waviness in liner wall, 49, 57

Tolerances in dimensions for, 58, 62, 109
Walls (See also "Conftguration" under "Liners")

Grooves in, 51, 57
Non-uniform, 51
Tapered, 83, 849 85, 109
Thicknee of (See WThickness" under *Liners*)
Warping of, 51
Waviness in.. 49, 57
Wede-typo, 27

Critical angle for jetless irmact, 27

Luckcy Fuse (See "fuzes")
Hermsphrical lucky, 160

NMDougall, D. P. 5, 6, 7, 8, 10, ii
isnay "Sa din effect, 4

Mohaupt, Berthod,
Mchaupt, Henry, 4
Munoe, C. E., 3Ui y , 20

t, orra, 6

Obstructions within liner cavity (See "Liners")
Ogiva (See also "standoff")

Geometry of, 114, 11£
Thickness of, 16

Overmatching the target, 108

Patents on shaped chags, 3, 4
Paul±ng, Linus, 215

Armor penetrations, 4
Caliber of Pound vs Penet.ration:. 105
Cylindrical liners, 205
Estim.Ltes of, 104
Explosive parameter related ta -enetration, 123

Charge At-t.rie- ria+.Qd to p.-natra -I"on, 132, 133
(1,hargp hei&-t rJaat~ci to~ p etrattl'n;. 107; D-3. 1-96. V7 123. 2

9.. ov roeated to penetration, i1-3
Uioatloni rrest relatidd to penetration, 23

),,-nn.T oboratcries, 123, 124., .1.5
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Penetrations (Continued)
bxlosive Parameters Related to Penetration (0ont)

Naval Ordnance Laboratory. 125
Peripheral initiation related to penetration, 32
Various explosives as related to penetratio., '123, 124
Wave shaping related to penetration, 119, 129

Flange effects on penetration, 85, 86, 87, W. 3-14, 128
Fluted liner penetration! 22?, 22, 229 (Sve .o.. "Spin Compenpation")
Liner design as related to penetration

Apex angle, 60, 62, 63, 76, 81, 95, 109. 111o 194, 196
Apex angle vs standoff

Aluminum liners, 63, 70, 71, 72, 73
Copper liners, 63, 70, 71, 72, 73, 74s 84
Steel liners, 63, 70, 71, 72, 73, 84

Optimum apex angle for penetration, U.1, 196
Optimum standoff for various apex angles, 62
Sharp apex vs spitback, 111
Spitback tube, 87
Thickness of wall as effocted by apex angle, 61., 62, 109

Asymmetries as effecting penetration, 51, 57
Diameter of liner, effects on, 104, 105
Flange effects, 85, 86, 87, 113, 114, 128
Material 50, 62, 108

Aluminum, 9, 63, 70, 71, 72, 73
Hemispherical, 82

Bimetallic liners, 79
Brass hemispherical, b2
Cadmium hemispherical, 82
Copper liners

Drawn, 9,.63, 70, 71 72, 73, 74s 84
Electroformed, 63, 76
Hemispherical, 82
Spherical capped, 82

Copper clad, 79
Steel, 62, 63, 70, 71, 72, 73, 84

Hem.spherical, 82
Spherical capped, 82

Wail thickness, 63, 75, 78, 79, 80, 109, 197, 199
Tapered wall liners, 84, 85, 109
Thickness as a function of apex angle, 63., 62, 109
Variations in wall thickness, 57

Proce.- of, 256, 20?
Rate of penetration, 30, 31
Rotat.on vs Penearation

Effects upon penetration, 186, 190, 191 (See also "Rotation"",
57nn and iOmm penetration cc-pared, 191, 192, 193
LA.ner material, effects on penetration under rotatioii (See

"Rotatbion")

iauid Penatraticna Performance
2", 217, 223., 233, 2,
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Ponetrations (Continued)
Rounds - Penctration Performnce (Continued)

75u, 105
90=f, 105

20% 105, 216, 217, 223, 232, 233, 231j 235
1205m, 10

Scaling penetrations for differenb callbers, 193
Standoff as effecting penetration

Optimua mdoff vs apex angle, 62
Penetration vs standoff, 8, , 314, 62, 63, 64, 65

Target Density related to Pene., 7, 10,
Theory

"First Order" Theory of penetration, 31
Hill - Mott - Pack, Equation for peietratton, 30
"Oesidual" penetration, 10, 3, 104, 256, 257
Theory of jet pentration, 9, 49, 6
"Zero" order theory of penetration, 30

T'rxpets, 177, 200, 201
Peripheral initiation, 19, 201
Pieso-eleotric effect, 142
Projectile (Se *Warhead" and "Rounds")
Pugh, E. M., 1, 22, 23, 27, 31, 256

Radiographe (See "Flash Radiography")
Rankine-Hugoniot, 120, 121
aarli ei, 36
Release wave theory, 20, 24

Aplied to flange effects, 86, 87
Applied to liner collapse, .19
Applied or qualitative predictions, 129

Residual penetration theory, 32, 104, 2%6, 257
Roberts, C. H. M. 5, 6, 14
Rostoker, N., 15, 20, 23
Rotation

Effects V. I
Jet, 3; 177, 183, 217 (3ee also "Spin Cotensabion")

Bifurcation of Jet, 183
'Deterioration of jet, 177, 178, 179, 180, 181

Penetration
Liner apex angle effects on penetration, 109, 194, 196

Larger apex angles, 196
Smaller apex angle, 196
Theory u, 194

Lilner materi eal efocts on penetration, 199
t..ner *-'-ckn .s efe''+ o .ynestation, 197: 199
Pmnetratiors cav"ared 57iu, 3.9, 10c, 191, 192, 193
Standoff offsets on penetration, 34, 107, 198, 199

Historical notes on rotation, 177
i--_-cing effects of rotation (See also "spin oompensation")

Built-in spin compensation in 2irr. 247, 248
Cylid'i ~ ~ V404, 05, 206

346 L
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Rotati on (Contiued)
Reducing Effects of Rotation (Continued)

Double-body projectiles, 215, 249: 250
Fin stabilization, 215, 250
Fluted oxlosives, 247
Fluted linors, 177
Hemispherical liners, 177
Lawn mowers, 247
Peripheral jet engines, 215 249
Spiral detonation g 247
Spiral staircase, 2147
Trumpet liners, 177, 200, 201, 202, 203

Rotation with wire driven rotator, 177
3caling relationships under rotation, 29, 187, 188, 189, 191, 192, 193
Theoir of effects of rotation, 182, 183, 184, 185

Rounds
57mm (See also "Rotation")

Liner, dimensional ,olerances, 58
Psnetrations w/fluted liners, 216, 217, 223, 2149

75=
Penetrations w/fluted liners, 247

90m, T108, 57
Fuzing for, 1145, 150, 152, 161
Liner dimensional tolerances, 58

105mm (See also ?rotation")
Fuzing for T184, 161
Liner dimensional tolerances, 58
Penetration with fluted liners, 216, 217, 223, 249

tound performance in tank vulnerability
Grenade energn., 280
Panzerfaust, 270
2.36* HEAT round, 277, 278
75ium HEAT M31OAl 274, 287
75"' HEAT M66, 264
o on AR 283
2.75" FFAR 274, 283
3.5* Rocket, M28, 27, 274, 275, 277, 278, 281, 2R3, 287, 295
90mm AP T33, 279
9Orm TI08, 271, 274, 278, 283, 288, 292, 294
9>nui- 02 HEAT 282
5O.im M67, 274, 289

I05>rn UAT, 292
6.5" ATAR, 274, 288, 294

SAGEB Society, 4
Sca.3'- rw for shaped charges, 5

La ! of Cranz, 29
Linear relation of, 46
Rotational effects upon, 187, 188, 189, 191, 192, 193, 196, 222

Schultze, Me As, 3
Saagor, 12

-.-, Frederick, 6
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Shofiold, A., 185, 186Simon., J., 11
Skinner, L. A., 14
Slack & khrke, 5
Slug

Foration of, 20
Length of, 22
Slug to jet mass ratio, 20, 22, 25
Slug to jet velocity ratio, 20, 22

Sod th, Turner L., 6 8
Spin Compensation ]Z (See also "Rotation")

Achievement of
"Built-in" spin compensation, 49, 2147, 248
Flited explosives, 247
Fluted liners, 34, 207, 216, 247

Linear flutes, 238
Spiral flutes, 35, 221, 242
'Wary" flutes, 35

Non-conical liners, 34
"Offsets", 34
Spiral detonation guides, 247

("Lawnmowers")
("Spiral staircases")

Caliber vs mpin compensation, 222, 224
Fluted liners, 34, 207, 216, 247

Design parameters for, 224, 225, 226, 227, 230, 231, 232, 237, 238, 239
Flute depths, 237, 238, 239, 242
Flute types, 224, 225
Indexing of flutes, 232, 239, 241
Number of flutes, 231
Tolerance requirements in liner dimensions, 242, 243
Wall thic-ness requirements, 231, 236, 238, 239, 240, 242

Yuture prospects for, 248, 250
Manufacturing methods for, 243, 244, 245, 246
Materials used in

Aluminnu, 2L2
Steel, 242

Mechanism of, 217, 218, 221
"Thick-thin" effect, 218, 219, 221, 242
"Tranmport" effect, 218, 221, 242

Penetrto obtainable with, 227, 228, 229, 233, 234, 235
Scaling relations with, 2 22, 232: 213
Sttic-f'ired, 221
Trxmpet shaped, 242
Types of flutes, ie4, 225

Hintorical background on. 215, 216
Spin rates requiring, 21.

ry hi ghi vpin rates, 224
S-r.% rates nf modern HEAT amunitivn, 215

=."- S3indcff., 2

ri - or "Long stand}off, 169
........,.,,. , . --t, dcoff .'107 ].11t, 1683
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Standoff (Continued)

"Optimm" standoff, 49, 107, 199
Penetration vs standoff, 31, 32 (ee .,. otation")
Projectile standoff, 107
Spaced Armor vs 107

Stein, Otto, 6
Stein, P., 27

Tank vulnerability to shaped charge
JS In1, 292, 293, 295
J= 152, 295
M26. 295
SU 100, 295
T34/85, 294, 295

Target
Array of, 16

iaminated, 32, 259
Non-homogene, is, 32
Soaced, 32, 107, 199, 258, 259

Cylindrical liner jet into target, 206, C7
Density, 10, 256, 259

"Density Law," 526, 257
' Doasity vs target strength, 10

Penetration vs target density, 31
Hole volume in, 34, 45, 104, 107. 126, 1 41s:
Materials

Aluminum f., 257, 259, 265
Doron, 262
Formica, FF-55, 262
Glass, 3., 255,. 260, 261, 262, 263i ? :

!Inatsd glass, 260
Lead, 10
Mild steel vs armor, 10, 31. 45
T~titim ^5T~t"--n- c 55

Strength (See also "target denwity"),
Liner apex awngle vs trget z!trsa,- ; '.

Thickness and veght of, U1, 259. 2 ,

Taylor-trkhoff Theory, 311
Taylor, 0eoffr-ey, IL 36
Tkdibdeau, W. E., 4
I'Thiok-thin* effect, 218, 219. 221, 2-12
Thomas, L. q., 218

wrr-p.-t" effeot. 218. " 2
Wv--, 183,, 2192

Ulbbelohde, A. R- 5

'L,2., A" 4
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